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Abstract:

Ni@SBA-15 monoliths with up to 5 wt.% of Ni were successfully synthetized
by means of an original anglasyonepot sotgel method. Transmission Electron
Microscopy (TEM), Xray Photoelectron gctroscopy (XPS), Temperature
Programmed Reduction (TPR), Pair Distribution Function (PDF) anBRay
Diffraction (XRD) were used for thstructuralcharacterization of the samples. After
H-reduction, those solids exhibited small®Niarticles (between -3 nm) highly
dispersed (one of the highest dispersion reported in the litetatul&tefor 5 wt.%
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Ni/Silica material$ in stronginteraction withthesilicasupport Scanning Transmission
Electron Microscopyn the High Angle Annular Dark Field (STEM/HABF) mode
chemical mapping b¥nergy Dispersive xRay (EDX) spectroscopyand electron
tomography in STEMHAADF mode highlighted the presence of Ni particles
homogeneously distributedespecially in the mesoporesSuch confined Ni
nanoparticles wershownto be very selective and stable the dry reforming of

methane.

|. Introduction

Due to theireasonablactivity and low cost, Nbased catalysts are preferred
to noble metaldbasedonesin the Dry Reforming of Methane (DRM) reacti¢h].
However, these talystsundergorapid deactivation, due to Ni oxidation (by surface
adsorbed oxygespeciesduring the catalytic process?][ particle sintering 3] and
coke formation 4]. The DRM reaction, which converts two major greenhouse gases
into a useful chemicaleedstock 9], is highly endothermic (high temperatures are
therefore needed in order to achieve acceptable conversions) and is accompanied by
different side reactions such as £tlecomposition (Cklg) = Cs) + 2 Hyg) and the
Boudouard reaction (2 Gg= Cs) + COyg) [6], which are responsible for carbon
deposition. To avoid coke formationgll-dispersegmallnickel particles 7] confined
in the mesoporosity of an oxide suppi@} andin stronginteractionwith it [9] have
been claimed to beery suitable candidates tqrovide efficent and stable DRM
catalysts [D]. Silicabased supportsharacterized by high specific surface areas,
tunablepore size andthe confined spacgrovidedby their porosityandthe presence
of silanol groupsareideal cardidates Despite the numerous investigations performed
in this field to datethe preparation of such cbsts is still challenging1]. In fact,
the majorityof the Ni-silica catalystswith relatively good catalytic performance were
prepared bycomplicaed andbr even expensive pathways suchtltasse based ofi)
original nickel precursors1p], (ii) ligands and complexing agent$13], (iii)
sophisticated suppor&4] or (iv) promoters and kinetallics[15, 16]. Confining metal
particleswithin the pores of a mesoporoussupport[17] or in capsules made of a
mesoporous material [148] is acommonmethod to control their dispersi@ndto
protect them from sinterinigy usinga physical barrieespecially if the metal particles
are anchored in the oxide port itself [L8]. In particular mesoporous Si®and



orderedSBA-15 materials appear as very attractivging to their uniquetextural
properties.These solidswidely studiedfor nickel dispersiongive rise topromising
catalysts [17,19]. Ni/SBA-15 silica catalysts are commonly prepared through-post
synthesis impregnation of the silica support with an aqueous nickel solution. Even at
relatively low Ni contents (around 5 wt.%) and despite the various synthesiss

used, part of the nickel particlesefound to be deposited on the external surface of the
silica grains, which makes them weakly stabilized by the oxide carrier. Thendfore
sintering may readily take pladethe drying step following impregnaticend / orthe
activation step are carried udt under rather severeonditions [20]. The onepot
preparation method appears to be an attractive alternative to overcome the above
mentioned limitations. However, the preparation ofsMica catalysts using this
method is not straightforward due to thi#ficult formation of N+O-Si bonds under the
strongly acidic conditions required for the synthesihese silicebased material2]].

Under strongly acidic conditions, tls#anol groups are protonated (8iH.") and the
resulting positivelycharged oide surface hardly interacts with cations such & Ni
[22]. A pH adjustment strateggd@nsisting in the controllethcreaseof the pH of the
synthesis gelduring the hydrothermal treatméninay be helpful forthe nickel
incorporation but may likely be dé@nentalfor the textural properties of the resulting
materials 23, 24].

This present contribution aims edporing on the design of small Ninanoparticles
(NPs) well dispersed onto ordered mesoporous -3Bailica monolithsby using a
relatively easyandoriginal onepot sotgel method 25]. This method idased on the
rapid gelation of a mixture ofstructuredirecting agent (Pluronic P123), a silica source
(tetramethylorthosilicate, TMOS) and an acidic aqueous solution of the nickel
precurso. The nonolithic carriers, whse shapean be customizk facilitate heatand
mass transferand afford attractivepressure drop properties, compatedpowder
catalysts 26]. In our study SBA-15-silica monolithswith 2.5 to 5.0 wt.% of Ni, were
prepared. Theitextural properties, Ni NPs distributigsize and oxidation stases well

as the Nisupport interaction were studied by, Nsorption, classical TEM,
STEM/HAADF, electron tomography EDX/mapping, H chemisorption
measurement$DF, XPS and HTPR. For the ake of comparison, two additional
materials containing 2.5 and 5.0 wt.% Ni were also prepgaredgh thampregnation

of a SBA15 monolith using the 3 To-Solvents” (TS) method R7]. Among the



preparedcatalysts the onesynthesized using the opet metha with 5.0 wt.%Ni
seems to be very promising for the DRM react{owing to its preparation method and
obtainedproperties sucha solid appears agery interestingfom anindustrial point of

view.
[I. Experimental part

[I.1 Materials preparation

The meostructured silica monoliths were  synthesized using
tetramethylorthosilicate (TMOS) as a silica source and an amphiphilic block copolymer
poly(ethylene glycobp-block-poly(propylene glycobs-block-poly(ethylene glycobp
(Pluronic P123, 5800 g m#) asa structuredirecting agent. For a typical synthesis of
the SBA15 monolith {enotedS), 2.4 g of P123 ereadded to 4 g of TMOS in a 30
mL poly-propylene vial and the solution was stirred in a water bath°a &atil the
polymer had been completely dibsed. After cooling toR.T., 2 mL of an aqueous
acidic solution (HN@H20O pH = 1.3)werequickly added to the stirred TMOB123
clear mixture. Theesultingsolution was dividednto four vials, which were closed
tightly and transferred in a thermostatedter bath at 23C to be aged overnight
without stirring. After removing the vial lid, the resulting viscous sol gelled within 6 h
giving a translucent gelfhe ageing process wasntinuedfor oneweek in order to
obtain homogeneous white glassy silicagpolymer monolits. Finally, the solid was
calcinedin three steps (from R.T. to 100°C in 1 h followed by 1 h at 100°C, then from
100°C to 250°C in 8 h followed by 2 h at 250°C and from 250°C to 500°C in 8 h
followed by 4 h at 500°C; Fig. S1), in orderdptimize theremoval of water, othe
structuredirecting agentnd, last but not least, favor the densification of the silica

framework.

For onepot syntheses, a similar protocol was used. An adequate quantity of
Ni(NO3)2.6H0 (197.5 or 395.0 mg correspding to 2.5 (Nl254@S) or 5.0
(Ni'"s0,@S) wt.% of Nj respectively was dissolved in the aqueous acidic solution
before mixing with the P123MOS mixture.

For a comparisonpurpose two reference materiald\i'250/S and Nise/S, were
SUHSDUHG®GwW&ES RMKFHQWYVY"- 76 PHWKRG ,Q WKDW FDVH



were suspended in-heptane (with an appropriate volume to cover the solid) for a
couple of minutes. A volume of water slightly lower than that of the silica pore volume
(as previously deterined by N sorption) and containing an appropriate amount of
nickel precursor was added dropwise. Due to the differences in polanthegtane

and water, the aqueous solution enters the porosity of thelSBAonolith, leading to

the confinement of niel. The solid was then removed frormeptane, dried at RT and

finally calcined, under static air, at 530 for 6 h (heating rate 1°C mth
[1.2 Solid characterizations

Textural properties were determined from Nadsorptiordesorption isotherms
recordel either on a Belsorgmax (BEL JAPAN)or ASAP 2020 (Micromeritics)
apparatus. Before measurements, the samples were degassed under vacuum for 2 h at
250°Ceither ona Belprepltvac unit orthe ASAP 2020equipment Specific surface

areas were obtaineloy usng the BET equation. Pore diameters and specific pore
volumes were determined using the BJH motleé textural properties were calculated

by taking into account the siliceous support weight only (without Nickel).

Low and wide angles XRD measurementwere performedeitheron a Briker D8

Advance diffractometer or an X'Pert3 Powder diffractometer (PANalytical,
Netherlandswith CuK Dradiation sources (84 A) operating at 30 KV and 10 mA.

Low and wideangles data were recorded in théheta rangbetween & and 5°, and

5 and 90°with a step size of 0.018nd 1 s per stepThe meannickel/nickel oxide
SDUWLFOHV VL]H ZzDV FDOFXODWHG IURP WKH 6FKHUUHU
F R QV W D Q Ws the wavelength of the radiation sourt&g@ A s the full width

DW KDOI PD[LPXP ):+0 RI WKH Cotréspbbding/tdie@eakHDN D QG

position.

The X-ray photoelectron spectra (XPS)were collected on an Omicron ArgusRay
photoelectron spectrometer using a monochromatic Btadliation(h Q= 1486.6 eV)

with a 300 W electron beam power. The emission of photoelectrons from the sample
was analyzed at a takeoff angle of 45° under iligh vacuum conditions (1 x £0

Pa). XP spectra were collected at pass energy of 20 eV for C 1s, Si 2p,ridi @pls

core XPS levels. The charging effects were corrected by adjusting the binding energy
of the C 1s peak from carbon contamination to 8%. The peak areas were



determined after subtraction of a Shirley background. The atomic ratio calculations
were performed after normalization using Scofield factors. Spectrum processing was

carried out using the Casa XPS software package.

Thermogravimetric analyses (TGA)were performed in order to quantify the amounts
of carbon deposited on the spent catalystaguai TA SDT Q600 thermal analyzer
instrument. Measurements were carried out fraim # 900°C (heating rate 10°C min
1 in flowing air (100 mL mir).

Temperature-Programmed Reduction (TPR) carried out on Autochem 2910 or
2920 (Micromeriticsinstrumens equipped with TCD detectgrwas used in order to
study the nickel reducibility ahe calcined materials. The samples (80 rdgposited

ona plug ofquartz wool in a kshaped quartz tubeere heatefom RT. to 900°C at

a rate of 10°C mi using a 5vol% Hy/Ar gaseous mixture (25 mL mij An
isopropanacliquid N> mixture Autochem2910) or an ice and salt batAutochem
2920) vereplacedbefore the TCD detectsto trap the water molecules formed during
NiO reduction. The nickel loading was dedudeam the amount of Hconsumed
during the TPR experiment after controlling that the Ni loading of a reference material
was found to be coherent with that determined by inductizelpled plasma optical
emission spectrometry (IGBES CrealinsVilleurbanng. The Autochem 291@nd
2920instrumentsverealso used to perform higlemperature bHreductions mimicking

the in-situ reduction (detailed later) carried out as a pretreatment step prior to the

catalytic test.

Transmission Electron Microscopy (TEM) analses were performed on a JEOL
1011 (LaBs) and JEOL-2010 (LaB) microscops operating at 200 kV. The sample
powder was ultrasonicated in ethanol aaderatrops of the resulting suspension were
deposited on a copper grid coated with a porous carbon@ibmervations were made
once ethanol was evaporated Rfl. For the solids prepared byltramicrotome
transmission electron microscopy (TEM) images and HRTEM images were taken on a
JEOL JEM2010 UHR operating at 200 k¥quipped with an EDX detectak fewmg

of powder were deposited in the bottom oB@amcapsule. Some embedding resin
(AGAR 100) was added and polymerized for 48 h at 60°C. The polymerized blocks
were then cut into ultrathin sections (about 70 nm thick) using a diamond knife of a
Leica micotome (ULTRACUT UCT) and deposited on carbmated copper grids.



To observenickel dispersion and location, STEM/HAADF and EDX/mapping were

also performed on a JEOL 2020 microscope on-titirasections of selected samples.

The 3D imaging by electron tonography was performed in the scanning transmission

electron microscopy (STEM) mode using a JEOL 2100 FEG STEM microscope
RSHUDWHG DW xN9 DQG HTXLSSHG ZLWK D SUREH VSt
sample was dispersed in ethanol and deposited deadarborcoated TEM grid. For

the acquisition of the STEMIAADF (high angularannular dark field) images, a spot

VL]H RI xQP D FXUUHQW GHQVLW\ RI xS$ DQG D FDPH
to inner and outer diameters of the annular deteBdér D ER X W DQG xPUDG
used. The acquisition of tilt series wasordedusing the tomography plug of the

Digital Micrograph softwargwhich controls the specimen tilt step by step, the

defocusing and the specimen drift. The spatially correlet®@ADF and BF tilt series

were acquired by using the ADF and BF detectors and tilting the specimen in the

angular range of + 66° using an increment of 2° in the equal mode, giving thus 65

images in each series. These images were spatially aligned byauswgs correlating

algorithm; the volume reconstruction was subsequently calculated using the algebraic
reconstruction technique (ART)f dhe TomoJ plugin implemented in the ImageJ

software. Finally, the visualization and the analysis of the 3D recatistta were

carried out using the displaying capabilities and the isosurface rendering method of the

Slicer software.

H2 Chemisorption experimentswere performed on a BELSORBax equipment

from BEL JAPAN.The samples (about 200 mg) were reduced in sitieiua flow of

H2 (50 mL min?) at 650°C for 2 h using a ramp of 10°C rhiThe sample was then
outgassed at 620°C for 2 h under vacuum (abel®@5Pa).Firstly, H. chemisorption
measurement was performed at 25°C, the pressure at equilibrium beingdewbrh

the pressure variation was below 0.02% per minute. The sample was then outgassed for
2 h at 25°C before a second Ehemisorption was performed under the conditions
describedbefore Nickel particle size estimations are based on truncated octahedro
geometry, assuming complete reduction, semi spherical particles and a H/Ni adsorption
stoichiometry factor of 1. The experimental data were fitted with a Langmuir adsorption

equation (Equation 1) and the amount of surface nickel was calculated fronattiyg



adsorbed at saturatiorB{ ¢ sin the model). The dispersion refers here to as the molar
percentage of surface Ni atoms compared to the total number of Ni atoms in the sample.
Ewzi_ YAE

T= s 5 AL (Equationl)

T Fractional occupancy of the adsorption sites
Qads Quantity adsorbed
Qmax Quantity adsorbed on saturation
K: Equilibrium constant
P: Partial pressure of the adsorbate
Pair Distribution Function (PDF) analysis
The reduced atomic PDF, G(r), gives, frostraictural model, the probability of finding
a pair of atoms at a distance of r as follows:
* U E U], BEquation2)
WKHUH ! U LV W-IGH Q WIR#Y tBaB®@iage atomic number density. As
defined, peaks in the G(r) functionreespond to specific distances separating pairs of
atoms.
G(r) can also be extracted from an experimental XRD pattern. Indeed, G(r) is the

Fourier transform of the total structure function S(Q):

)N L @Aa/,, 385:3; F s% < +3 N@ JEquation3)
where Q is the magnitude of the scattering vector (ZEV L Q EHLQJ WKH D
between the incoming and outgoing XD \ L VRay KWaidelpngth, and S(Q) is the

total scattering structure function which is the corrected and normalipediental

intensity.

The X-Ray scattering measurements were performed on a Bruker D8 Advance
diffractometer equipped with a molybdenum anode, a Gébel mirror and a High Energy
Lynx Eye linear detector. The analysis was done in transmission: a few miligia
powders were placed in a borosilicate capillary of 1 mm diameter that was Jealed.
optimize the acquisition time, the-Ray diagrams used for the PDF were obtained by
concatenation of 7 JRay diagramgecordedwith the following parameters (2(°)-2 ¢
(°)-step (°}time per step (s): 0:81-0.022, 2961-0.046, 5391-0.0615, 89121-0.1-

40 (2 times), 11950-0.1-100 (2 times). TheXRD of the empty capillary was also
recorded for subtractiom.hen, thePDFGetX3 softwarg¢28] was used to extract the
experimental PDFs from XR diagramsn{£>0.7; Qnax=16.6; rpoly=13). In parallel,



the PDFGUI softwarg¢29] was used to calculate the theoretical function G(r) from a
structural modelFor comparison purposes, experimental G(r) were normalized so that

all experimental G(r) present a first peak (@31.6A) at the same intensity.
[1.3 Catalytic measurements

The different catalysts were tested using a PID ENG & TECH Microactivity Effi
Reactor. The solids were loaded on a plug of quartz wool and tiaatéd at 650°C

for 2 h (10C min?) in a 5 vol.% H/Ar flow (30 mL mirt) in order to achieve a
complete reduction of NiO into metallic nickel. After this pretreatment step, the
temperature was decreased to 200°C and the dry reforming of methane reaction was
started under atmospheric pressure, using a ©BE/Ar (0.50.59) reacting mixture

and a total Gas Hour Space Velocity (GHSV) of 144 (50 mg of catalyst and 120 mL
min' total flow) or 960 L ¢ h™! (10 mg of catalyst diluted with 90 mg of fumed silica
(Aldrich 381276) and 160 mL mirtotal flow of reactants mixtureJhe GHSWalues

which can also bealculatedon the basis aheNi weight of the catalystare2880 and

3840 L g* hl, respectively.

Firstly, the activity of the catalyst was measuredrzyeasing the reactéemperature
from 200 up to 650C (using a rate of 8C min?). The temperare was then maintained
at 650°C for 12 h for stability measurements. The gaseous products were analyzed
online by a micreGC (Agilent 490) equipped with Rl and Molecular sieves
columnsusing aTCD detector. The conversions of methane and carbon dioxide were
calculated according to Equations 4 and 5, respectively, and {@®Hatios were
estimated using Equation 6:

Va0 ?Vabvac

CHa conversion, % = - H s r r(Equation 4)
Yah:.0p

. VB PYE g ag
CO; conversion, % =——o 2 =uae

- H s r r(Equation 5)
VaE6yp

— A. Uag ;
H2/CO = TiEyan (Equation 6)
The reproducibility of the catalytic tests was evaluated bybotesting chosen
catalysts. The latter were considered reproducible when the difference between the two



repetitions did not exceed 5% (for €End CQ conversions) and 0.05 (for.KCO

molar ratio) maximum.
[ll. Results and discussion

The calcined and raated solids will be characterized separately and then the

reactivity ofreducedmaterials will be evaluated under different DRM conditions.
[ll. 1 Calcined samples

All thesampleg2.5 and 5 wt.% Ni) prepared either by impregnation orpmte
insertion of N are characterized by type IV isotherms forming a H1 hysteresis loop
typical of mesoporous materials with a narrow range of uniform mesoffegesLA
and S2]30]. Upon impregnation with the aqueous solution of Nigh®HO, the pore
volume of the suppd (S) did not change to a significant extent fot'2N¥i/S and
Ni''se4/'S samples (Tabl&). A similar conclusion can be drawn regarding the evolution
of the specific surface ara@dter Niimpregnation with a decrease of 9.6 and 11.6% for
Ni'2504/S and Nise/S, respectively. The mean pore diameter (5.4 nm) was found to
remain essentially constant before and after impregnation. In contrast, it must be
noticed that Ni250@S and Nis«@S solids prepared by oreot synthesis exhibited
higher specific surfazareas but lower pore volumes compared to those of the/6
and Nl'se/S reference samples.

Figure 1

Finally, themean poradiameers of the samples prepared dryepot synthesis were
found to be about 1 nm smaller comparedthose ofthe samples ngpared by

impregnation (Tabl&).
Table 1

In good agreementvith the N sorptiondatg small angle XRay diffractograms of
seleted calcined samples (Fid.B) exhibited the (100), (110) and (200) peaks
characteristic of highkprdered hexagonal mesoposomaterials with a 8mm
structure B1]. This observationproves the highorganization of theporesin the
preparedSBA-15 monoliths. It is noteworthy that the intensity of the (110) and (200)
peaks decreases in the case dfspB probably due to thwer long range order

10



induced bythepresence of NiO inside the porosityndoubtedly, ie Ni's,@S sample

was characterized ygreatemores structurationompared tahat ofNi"se/S.

Wide angle X-Ray diffractograms of the calcined'i/S samplegFig. S3) show five
diffraction peaks at 2 = 37.2, 43.3, 62.9, 75.4 and 7). These contributiongere
assigned to th€111), (200, (220), (311) and (222 crystallographic planes dfliO
particles with a faceentered cubic lattice (FH®m, JCPDS no. 89130)[32]. The
meanNiO particle size dr Ni's/S is estimated to be abodithm from the Scherrer
equation, which is similar to theean porediameter of the corresponding support
(Tablel). In contrast, no peaRkdicative of the presenagystalline NiOparticlescould
beobserved for Nise,@S, which suggests the formation of small nanopartitetor

of clusters with the onpot strategySimilar observations were made the case of
Ni''2 50-S solids (Fig. 9).

The reducibility of the nickel species was investigated By PR and the Ni lodings

were alsaleduced fom these measurements (FR2gand Tablel).
Figure 2

Overall, the eduction profile of the samplgrepared throughpostsynthesis
impregnation wagound to be very different from the ongbtained by the onpot
strategy. Nlso/S exhibited two reduction peaks at 400 and 620°Creafully reduced

at 710°C (Fig.2). The H consumptiorat c.a.400°C is usually attributed the large
NiO particles (bulk) with low metadupport interaction B3], whereas the H
consumptionat c.a.600°C can be assigned to smaller NiO spediesstronger
interacton with SiOp. It is noteworthy that e hightemperature reduction peak
(640°C) becomes the major contribution in the case of tHe,&S samplend full
reduction of tis solidwas achievedt a higher temperature 800°C) compared to the
materialprepared by impregnation (710°C). Such differences in reduction behavior
betweenthosematerials, having similar Ni loadings, highlight the strong influence of
the preparation method on nickel vedbility. The onepotpathwaywould improve the
metaksupport interaction, thus leading to the formation of small&iNRis during the
reduction stef{34, 35]. Likewise, TPR analyses were conducted fol'2Mi/S and
Ni'2 504@S solids in order to confirttis hypothesis. Figure53eflected comparable

behaviors (two peaks and lower metal support interaction fbrsiiS obtained via

11



postimpregnation vs. one main peak and higher metal support interaction for

Ni''2 sod@Sprepared througthe onepot strategy)Thus, it is obvious that the ot

preparation method indeed promotes theSND; interaction.$ FRPSDULVRQ RI WKH 1
reducibility (using relatively close HTPR operating conditions) between relevant

examples bNi-SiO, based catalysts designed by using either impregnation, a core

shell approach or a colloidal pathway while excluding materials based on Ni
phyllosilicates or involving promoters is proposed in Table S1. Beside the colloidal

pathway, whatever themipregnation method used, two reduction peaks are often

identified in good correlation with what we observed fogd8. The particles size
FRQWURO DIIRUGHG E\ WKH FROORLGDO SDWKZD\ FRXOC(
behavior of the corresponding catgtly. The ongot method developed throughout the

present study has led, so far, to one main reduction peak at relatively high reduction
temperature when compared to its counterparts (Ni/S samples here or other catalysts in

Table S1). Accordingly, these tdts stressed the advantage of the-paepathways

towards improving the metalupport interaction as well as, probably, particle size

control.

In addition, the Ni loadings of the different samples were estimated from the quantities
of H> consumed in théNiO to Ni reduction Table 1 shows thathe estimated Ni
loadings for all of thepreparedsolidsis relatively close to that expected, in particular

for the onepot preparedsamples.

An appropriate way to monitor the interaction of Ni with the supporsists in
studying the materials by XPS. Two representaliRS spectra recordedn the
Ni'"s0/S and Nise,@S sampleare shown irFig. 3.

Figure 3

Both solids exhibited two main peaks corresponding to bl @pd Ni 2p,2 core levels
with their shake upatellitesthat are clearly differenfThe Ni 2p/2 peak for Nise/S
could be decomposed into two contributions aB.8and 8560 eV that have been
already observed fdyulk-scale and nansized polycrystallinéNiO up to 5 nm[36].
Nickel oxide supportednto silica is also often characterized by binding energy values
between 853 and 855 edhd usually it is believed that the strongaickel oxide
interacts with silica, the more the peaks are shifted to heghengyvalues In the case

12
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of Ni''s,s@$S, amajor contribution was observed approximately857 eVwith a very
small one at 853.8 e¥sreportedin the work of K.O. Sebakhgt al [37] dealing with
highly dispersed Ni within silicate zeolite. some studies, it is mentioned that this
could bealsothe result othe presence of Ni(lll), but this is not compatilsle@ur case
with the quantification of nickel by TRR2shown before. As the result, we believe
that the XS spectrum ofNi's%@$S is moe compatible with tiny NiO nanoparticles
(clusters)or nickel(ll) silicate or nickel(ll) hydroxide[38] but the pH range of the
synthesis gel is not appropriate for the formation of silicates or hydroNd@slusters
could also be presentMi's./Sbut to a lesseextent.A similartrend was also observed
in the case of Ni 2 peaks. Those XPS results are coherent with the observations
made by TPR in which Ni»/S showed two main reduction pedksg. 2). Based on
the areasof the two contributions in HTPR (at 400 and 6205Cig. 2) and XPS (at
853.8 and 856.0 eV Fig. 3), the firstonecan beassigned taNiO particleswith low
metatlsupport interactions, whereas the secondaamebeattributed toNiO clusters
with strongerinteraction with the silicasupport Ni's,,@S mainly exhibited Nf
species stngly interacting with the silicaupportas indicated by the corresponding
H>-TPRtrace (Fig2) and XPSspectra (Fig3). In addition, theXPSNI/Si atomic ratios
wereestimated to b8.03 and 0.01 for Ni»@$S and Nise/S, respectively. TéseNi/Si
ratios, especially for Niso/S, werefound to differ from the theoretical rat{6.05. In
our opinion, suclXPS datavouldbe coherent witlthe betteNi dispersion for the solid
prepared by meaof the onepot method(Ni's%@$S) compared to that prepareg b
postsynthesismpregnation(Ni"se/S).

ThecalcinedNi's«-S samples weralsocharacterizedhy TEM in order to investigate

the dispersion and the location of $fiecieqFig. 4).
Figure4

TEM micrographf Ni's«/S provide further support for the ggence of) anordered
hexagonal mesoporosity of the support, in good agreement with thsori§tion
isotherms and small anglesRay diffractiondata (Fig. 1)andii) NiO particles (Fig.
4% $9 D Qrn@eét, sing Selected Area Electron DiffracticdBAED), hefive rings
made of small spots observed for''$#S (Fig. 4C) indicate the presence of
palycrystalline NiO((111), (200), (220), (311) and (22@)ystallineplanes ofthe fcc
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lattice) with a crystallographic distancekoo, of 2.08 A. Furthermae, in this sample
(prepared by postynthesis impregnatinthe observedows of NiO nanoparties
(Figs. 4A and $ Jwere nohomogeneously distributeRegarding Nls«@S$, it is worth
mentioningthat the addition oNi in the synthesis gels did not affehe structuation
of the V L O pér&®H\ significant extent (Fgy 4D and F as its mesoporosityeems
to beessentially preservedn agreement with thevide anglesXRD (Fig. S3), NiO

particleswere very difficult to observan Ni'so@S (Figs. 4D, E and B comparedo

Ni'se/S (Figs.4$ $91 D QIGs %orthwhile toknow that the TEM images fahe

solidsloaded with 2.5 w6 Ni (Fig. ) revealedsimilar observations

These TEM observationgFigs. 4 and %) agreedwith i) the absence okide andes
XRD peals (Figs. S3and &) andii) the much lower Ni/Si XPS raticMoreover the
fact that theH>-TPR profilesare shifted to highereductiontemperaturegFig. 2 and
S5) for the samplegprepared by a orpot protocol(Ni'@S) is coherent withthe
formation of much smaller NiO nanoparticles andfa presence dfighly dispersed

Ni2*ionsin greater proportioin theonepotsamples.

Using PDF analyses, are information on the structure and the particle size of the Ni
speciesn Ni's,,@S can be obtiaed even in the absence ofRay diffraction peak.
This techniqueonsists in the analysis of the totalRay scattering by ways of Fourier
Transform that leads to thee&r) function [28]. Gsim(r), a similar function can be
calculatedrom aproposedtructural model as the probability of finding a pair of atoms
separated by the distance[29]. Comparison of Gm(r) and Gxr) leads to the
validation of theproposedstructural modelnd also allowsfor checking the itkel
oxidation state (FigbA). Indeed, the first 3 characteristic simulated peaks stad at
3.1 and 5.3 Kor NiO, and at 2.48, 3.52 and 4.80or Ni°. As expectedGex(r) curve

for calcined Nis@S(Fig. 5B) mainly shovgsilica (1.6; 2.1; 2.6; 3.0 &). However,

the surposition of Gex(r) for calcined Nis,@$S with Gex(r) of the corresponding
support S, reveas threedifferences of the intensitiest 2.1, 3.1 and 5.3 A maticiy
with NiO peaks. The next expected NiO peak at 6.61 A isobservednor the
following others, meaninghat the limit of the atom correlation is reached for these
distancesFrom these results, we can conclude that nickel {8.d®S is most likely

present as NiO clusters with an average size of about 6 A in diameter.

Figure5
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STEM/HAADF and TEM combinedwith EDX/mappingcarried out on Nisx@S
confirmedthat nickel ispresent asighly dispersedpecieson the siliceous support
(Fig. 6). Similar informationcould also beobtained withEDX analysegdata not
shown)performed on severakgionsof the Ni"s,@S sample.

Figure 6
[ll .2 Reduced samples

The full reduction of theSBA-15-supportedNi samples was achieved after
exposureo Hy at 650°C for 2 hasverified by B-TPR (resuis not shown here).

The shapes of theNorption isotherms anof the hysteresiloops of Nis@S and
Ni%q/S samples (Fig. B were found to be relatively similar to those ofithelcined
precursors, i.eNi''s,@S and Nise/S (Figs. 1A and S3. Hence, he BJH treatment of
the isotherms revealed that timean pore diameters atite pore size distributionef
Nis%@S or Nio/S arealmost the sameefore and after the reduction step. Howeser,
decrease in the specific surface areas (T&ble25 and-17%, respectivelygould be
observedn parallel with thedecreasef the contribubn of micropores to the total pore
volume Such a change, which was not significant after the calcination "gfISi
precursorswould be attributed to the condensation of the micropores under high

temperature thermal treatment (here 2 h at 6R0°C

After reductionof Ni''2.50/S and Nise/S, prepared by impregnatiai S, the diffraction
peaks of NiO crystallitesbserved beforéFigs. S3and 3l) disappeagd whereas new
diffraction peakscharacteristic of the presence of° Mianoparticles (JCPDS’ i70-
1849)[39] appearedt 2T= 44 (111), 52 (200 and 76°(220) (Figs. S8 and D).

For Ni%./S, the size of these Rihanoparticles is estimated, fraheScherrer equation,

to be close to-B nm, which is found to be slightly bigger than the pristine NiO particles
(~ 6 nm). Sincethe density oNiO crystallites(6.6 g cn?) is lower than that of Ni
crystallites(8.3 g cn¥), such an increase in Nparticlessize canbe attributed to
moderate sintering of the Ni particldaringthe reduction stegn the other hand, no
X-Ray diffraction peak characteristic of Niwereobserved for the reducddrms of
theonepot prepared Ni@S samples (Fig8and 9) suggesting the presence of very
small and highly dispersed nanopartidleshese materials
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TEM micrographs of the reduced std (Fig. 7) firstly confirmed the preservation of

the ordered porosity after the reduction treatmentitAsas the case fathe NiO
particlesin calcined Nisw/S (Figs. 4A, AT D B)GNI° particles with relatively
heterogeneous dispersion were easilgebed in Nis«/S (Figs. 7$ D Q G Mo$t of

these patrticles were still located inside the porosity but it could be noticed that some of
them (Fig.7B, white circles) seem to hawlamagedocally thesilica pore walls. The

mean N? particle size for Nbo/S was estimated to be 8.0 nm from the TEM images
(Table 1) in good agreement with the size that was estimated by(RKBLE8).

Figure7

For Ni%«@$S (Fig. 7C and D), a few particles of a size close to the pore diameter (about
5-6 nm) could be easily obsead (Fig. 7C) but, using a higher magnification, many
other smaller nanoparticles, with an average size of about 2.1 nm (Table 1), were also
found in the mesoporosity of the support (Fig. 7Dhe NPs«x@S solid was also
analyzed by PDF in order to confirinet complete reduction of the NiO particles and

to estimate the size of NINPs obtained (FigS10).

Indeed, Figure S10 shows 4 peaks at 2.5, 4.2, 6.5 and 9 A that can be attributed to the
presence of NiNPs with a mean particle size of about 1 nm, windléNiO contribution

could be detected.

To reacha more reliable insight on the microstructure of the catalyst grain as well as
on the relative distribution and localization of thebdised nanopadies, we have
analyzed two typicajrainsof Ni%q@ Shy electron tomography in the STEMAADF

mode. The obtaineasults are depicted in FigdandS11

Figure 8

By analyzing the reconstructed volumes slice by slice, we easily observe that most of
the nanoparticles can be found in the inner part of the catabistandvery few are

close to the external surface. Within the aggregate, the particles are very well
distributed and attached to the pore walls, most of them having a nanometric size (about
1 nm) and only verfew (dended by the red arrows in Fif.C) a size close to the pore
diameter. Another important finding obtained from the tomography analysis concerns

the influence of the long range order of the mesoporous structure on the distribution
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and final size of the Ni nanopatrticles. By comparing theastaristics of the particles
localized in a very ordered region and in a less ordered one respectively (corresponding
to the left and right areas of the 3D voluehepicted in Figure88 B), we can easily
observe that the size of the particles in the aresacierized by a long range order of

the porosity is smaller, which demonstrates the beneficial effect of the mesoporous

order on the final structural properties of thelddsed catalyst.

The estimation of the Ni dispersion from-8llica samples by FHchemisorpion is far

from beingtrivial. Bartholomew recommended thashouldbe doneon the basis of

the first H isotherm (including reversibly and irreversibly chemisorbed hydrogé&h)
Indeed heargued that reversible hydrogelmemisorptiortakes plae on Ni crystallites
rather on the support, support contaminant, or unreduced Ni. This conclusion was
supported by the good agreement obtained betweehétisorption, XRD and TEM
data.The reversible hydrogen chemisorptiphenomenoron Ni could bedueto the

much weaker bonding of hydrogen on some Ni sites compared to those of Pt group
metals, which thus prewés the use of the badorption method on Ni samples. Yet,
studies performed on Ni catalysts can be found for which the metarsi@mpevas
estimated by the backorption method therefore only taking into account irreversibly
chemisorbed hydrogddl]. Doing the same in our case, the estimated Ni mean particle
sizefor 1L 6 DQG #4 DQG |, resfektively) were found to differ
markedlyfrom those obtained by XRD and/or TEM§7and 2.1 nm)Although it was
checked in the present work that the supmddne showed reversibly adsorbed
hydrogen species (0.3430 €qt), the data listed in Table 2 are related to the amounts
of hydrogen adgbed in the first Hisotherm, thus to the total (reversible + irreversible)
hydrogen uptake. This method was selected for comparison purpose as most of the Ni
dispersion data reported to date on siBo@ported catalysts used in the DRM reaction

were obained likewise (Tabl&3and references included
Table 2

Table 2 shows thatfor Ni%o/S, the Ni particles size estimated by Ehemisorption
(12.6 nm) is in rather good agreement with thaisiinedoy XRD (7-8 nm) and TEM
(8.0 nm Table ). We hypothesze that he overestimationwith H> chemisorptiorcan
be attributed to differences in the accessibility of hydrogen to the Nigites that
Ni%«/S was shown to exhibit some bundles of pérticles by TEM (Fig7). On the
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other hand, thestimated paicles size forNi%»@S (about 3 nni¥ in betteragreement

with thoseobtainedby TEM and PDF (2.1 andcal nm, respectively) It is also
consistent with the absence of XRD contribusitor these reduced samples (F88).

In that case, the agreement beén the Ni particles size estimated lycHemisorption

and TEM may be assigned to a much better accessibility of the Ni surface sites
comparedto Ni%w/S. The Ni dispersions in Nk/S and Nis.,@S samples were
estimated in parallel frorAl> chemisorption dta andTEM. In the latter approachhé
volumearea mean diametefgefined bydva = nidi® ni di?) werededuced to b2.9

and 8.5 nm for Ns,@S and Nko/S, respectively. Thenetaldispersios (calculated

asD = Gﬁ%", where "¢ s the volumeoccupied by &i atom in the bulk "¢ &

10.95A3) ard =c isthe surface areaccupiedby a Niatom on a polycrystalline surface
(= & 6.51A?) [42]), wereestimated to b85% and 11.7%or Ni%x«@S and Nis«/S,
respectively. Suckialuesare in very googgreement with those obtained from the
chemi®rption techniquelisted in theTable 2. It is worthwhile to note that the Ni
dispersionin Ni%q»@S prepared by the ongot methods among the best dispersion
valuesreported to datéor silicasupportedcickel (TableS3and references included
Finally, it can also be noted thii% se@Shad a slightly higher dispersion of Ni than
Ni%o@S(Table 2).

Hencethe present onpot strategy used to prepare the Nig®ples with a highi
loading and a goodispersion igound to bevery simple and costffective compared
to other methods described earlier in the literature aiming at controlling the Ni particle

size confined in porous suppo(able S3and references included).
[l .3 Catalytic DRM performance and spentsamplecharacterization

The catalytic performance of then situreduced Nk,@S catalystwas
investigatedirstly in the DRM reactiorundera GHSV of 144 L g* h'l. As expected
the conversions of CHand CQ risewhenincreasing the temperature (F@A). Under
these conditions, Rin@$S wadound to be very activayith CHs and CQ conversions
(~ 75% at 650°C) close to the thermodynamic equilibnaiaes (85 and 89 % for GH
and CQ, respectivelyfletermined in the absesof carbon formatigrand higlty stable
during 12 hallowing theselectiveformation ofH> andCO (molar H/CO close to 1

(Fig. 9B)). Secondary reactions did not occur to a large extent in agreement with the
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observed fairly good stability of the catalySimilar results were obtained too with

Ni 250@S (esults not shown).

After use, he spent Nbo,@ Smaterialwascharacterizetby N2 sorption, XRD,
TGA andTEM techniqueqFigs. &¥, S12 and S1)3in order to monitor the eventual
changesof the textural poperties crystallinity and Ni dispersion as well asoke
deposition under the DRM reacti@perating conditionsN> sorption data (FigS7)
indicated that the shape of the isotherms of the spent sample compared well with those
of the reduced Niso@S staring material After 12 h on stream, the specific surface
area and the pore volume of the spent sample were found to be preserve®&glable
thus confirming the good stability of the monolith support during the catalytic test.

Figure9

TGA analysis of thespent Nso,@S sample (FigS12A) does not reveal the presence
of carbon deposits, thus indicating, in agreement with g€ ® molar ratio close to 1
(Fig. 9B), the limited involvement of secondary reactions. This resultsiisasthat

the Ni particles di not sinter to a significant extent, in agreement with the absence of
Ni° diffraction peak (FigS12B) under the DRM reactiooperating conditiondt was

also impossible to conclude time potentiatonversion of Ni into nickel carbides too.

The absencef Ni sintering wasverified by TEM and STEM/mapping (Fig513,
which allowedusto conclude that the meadi particle size is close to 2.7 nom the
spent sampleThe fact that this sample was little affected by carbon deposition, as
indicated by the T@ data (Fig.S124), is consistent with the presence of the very small
Ni particles observed by TEM (Figg13 as it has been reported tltatke deposition
was favored ofargeNi particles A3].

Following thesepreliminary experiments, the catalytic perfancs of 1L 6D QG
1L #6 ZHUH L QY thdana kinetw/ rdgBngGHSYV = 960 L ¢ h't, dilution with
silica) far fromthethermodynamic equilibrium of the DRM reaction (&i§14and10)
in order to allowa reliable comparison anthe determinationof the TurnOver
Frequency (TOFyalues of these catalystRegardless of the parameters that could
affect the TOFs such as (ij)e determination mode of thei dispersion (ii) the

compositionof the reacting feed (iiihe eacting temperatungsed (iv) the conversion
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values (v) the pesence of promoters and/or other metais,the valuesfound for air
catalystsveresimilar oreven superioto those ofmost of NiSilica baseadnesreported
for the DRM (between 0 and 2)s[44-45, seealso other refeences irTableS4 even
if there arestill somehighervalues reporte> 10 st) by somegroups[1, 7, 14,46-47,
see Table §4We think, fowever thatthe preparation method describedtie present
work is easy and cosgffective (no bimetallic and pmoters) when compared $ome

of the aforementioned studies.

At 650°C, NPsy»,@Swas foundto bea moreactiveand selectivédDRM catalyst than
Ni%./S with CHs and CQ conversionvalues around 48%(and 45% for the
reproducibility test)nstead oft.a.25% (CHs) and 29%CQ;) (Fig. 10A) andaH2/CO
molar ratioclose to unity. Morever, the stability oNi%/S at 650°Cwas found to be
very limited as th&€Hs and CQ conversions decreasddasticallyto about 0% within
4 h on stream anithe H/CO molar ratidrom about 0.8 to 0 within 10 (fig. 10B).

Figure 10

Theseresults clearly illustrate truperiority of the Ni catalygirepared by the orgot
method compared to dhobtainedby postsynthesismpregnation (TS methodpuch
a differenceis attributedundoubtedlyto thepresenceof much smaller sizsintering
and cokeresistant Ni particlesin Ni@S samplesFor confirmation Ni% s«@S was
also testeavith aGHSV value 0f960 L g* h! at 650°C and, espitealower Niloading
than that ofNi%./S, Ni%s4@S exhibitedsimilar catalytic performancgFig. S15)
while Ni 254/S led tovery low CHs and CQ conversions (not shownJhe CH;, and
CO. conversios for Ni%s«@S and Ni%«/S were faund to bearound 30%but
Ni% 54@S led to a better O selectivity (nuchcloser to ). Moreover,Ni% s4@S,
alike N’s@$S,wasshownto bevery stable for 12 h on stream (FRI6A) maintaining
a H/CO molar ratio close to 1 (Fi§16B). It can also beaticed thathe CQ and CH
conversionvalueswith Ni%,@$S were almost twice as high as thosgainedwith
Ni%s4@S (45 and 25%, respectivelfjonsidering i) that the catalyst loading in the
reactor was maintained to 10 mg in both experiments @ Sand NPs,@$S) and ii)
that NP250@$S displayed about half of the Ni content ofsM@S (Table 1) with a
slightly greater Ni dispersion (35 compared to 31%, respectivelg)y sbservation

confirmsthatNi%q@S and Nk 54@Swere operated undettaiekinetic regime This,
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thus resulted in close TOFalues for both samplg3able 1)without any significant

evolution after 12 h on the contrary to those dgNB.

TEM analyses of spent Ni/S (Fig.S17) were performechiorder to understand the
origin of its strongdeactivationn the DRM at 650°GFig. 10). Resultingmicrographs
revealed that the porosity and the organization of the support were globally maintained
after 12 h However, wo types of Ni particles could be detected. small ones still
confined in thesilica mesporosity(with a size distributioof abouts-7 nm) and,much

bigger onedocatedon the outer surface of the support (with sizes of abo@21i7m)

that should havebeen formed through migration and sinteringphenomena The
resulting mean Ni° particle sizein spent Nis%/S was estimated to b&1.8 nm.
Furthermoreno structured carbapeciesuch as carbon nanotubes couldbserved

on the spent Nio/S diluted with silicaafter 12 h on streatsut we cannot exclude that
amorphous adon is formed. The dilution of the cataly$19 mg of Nfs./S with 90

mg of silica)required to test their activity under these conditions and the low contrast
of carbon in TEM measurements result in no meaningful conclusion as to whether or
not amorphos carbon is presenMoreover, accuraté GA and XRD analysesf the

spentNi%.y/S couldnot be carried outoo.

In heterogeneous catalysis, electronic effects related to the supports carSocwur
studies have already reported support effects for theatdlyzed dry reforming
reaction and this is generally proven by active phase reducibility measurements that are
evaluated by TPRI> material analysi$48]. Reduction on Si®occurs generally in
between 300°C and 500°C. Here, in the case 8hJ®S, it ocars at much higher
temperaturen agreement with the presence ro€kel oxide clusters that are more
difficult to reduce [18].

V. Conclusion

The existing literature dealing with the use of SBA silica as a support for the
preparation of nickebasedcatalysts for the DRM reaction is flourishing, but when
restricted to studies not involving metallic or oxide promoters, much less articles

remain in which nickel is most often introduced by impregnation processes.
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example of nickelintroduction of niclel into the synthesis gel of a SBI& silica
prepared in citric acidias reported by Q. Liu et dut the porosity was greatly affected
and resulting nickel particles were much less dispetsau ourd49]. The aim of this

work was to designstable and wil-dispersed Neilica basedcatalysts usingraeasy
preparation methodlhis objective was achievetirough & original solgel one-pot
strategytested with 2.5 and 5 wt.% of Ntalcined solids, thus obtained, are
characterized by highly dispersed nickpecies (small clusters < 1 nm confirmed by
PDF and TEM) in strong interaction with the support, as emphasized by TPR and XPS
data, which is not straightforward for such a metal when supported on (skiea
referencesamples prepared by a more convemloimpregnation pathway)After
reduction, weldistributedNi® NPswere formedwith a mean diameter of about 3 nm,
which leads to amongshe highest dispersions of fround 30%j)eported to date on
silica. It is noteworthy that this preparation methedhains effective while increasing

the metal loading (e.g. Né«@$S has been synthesized and exhibited comparable results
to 2.5 and 5 wt.% solids (Ni dispersion: 29%gS| 500 nf g!; see also other data in
Figure S18)).Better catalytic performance in Dry Reforming of Methane were
obtained with thesmaterials The presence of small Ni particles in strong interaction
with silica led also to a remarkably enhanced stability of the samples prepared by the
onepot method with much more limited coke formatand particles aggregation, as
demonstrated by the XRD, TGA and TEM data obtained on the®iS spent catalyst.
One can expect differences in CBhd CQ adsorptions behavior on H§,@S and
Ni%q/S asfunction of nickel particle size as already shown Vogt et al[50] but

such those investigations wdurequire the use of nesteadystate and steaestate
isotopic transient experiments combined with in situ DRIFT spectroscopy

investigations.
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Figure captions

Figure 1: A: N2 adsorptiondesorption isotherms &t96°C and pores size distributions.
B: Small angles XRD patterns of the calcined samples: S (bladk)/Ri(purple) and
Ni''so,@S (red, sample preparedngsthe onepot synthesis).

Figure 2: Ho-TPR profiles of the calcined Ni-S samples recorded with & 13
vol.%/Ar flow of 30 mL min* and a heating rate of 10°C rtin

Figure 3: XP Spectra of the calcined 'Ni,@$S and Nis«/S samples.

Figure 4: TEM images of microtomed Ny, 6 $ $9T % "sa@BGD1H and F)
in their calcined state. HREM image and SAED patterns of'j/S (C).

Figure 5: PDF analysistA) Simulated G(r) curve (typical signature) for NiO (in blue)
and NP (in Green) and B) Nmnalized experimental G(r) of Nis@S$S (in red) compared

to normalized G(r) of silica support without nickel (in Blue). Red stars emphasize the
3 higher intensities at 2.1, 3.1 and 5.3 A related to NiO structure.

Figure 6: STEM/HAADF and EDX/mapping (witiNi in green, Si in yellow and O in
purple) acquired with two different magnifications on typical areas of the calcined
microtomed Nis,@$S sample.

Figure 7: Typical TEM images of reduced microtomed®® 6 $ $Y % DQG
Ni%%@$S (C, D) samples.

Figure 8: A) Representative 2D STEMAADF image of Ni»x@S sample extracted

from the tilt series used to calculate the 3D reconstruction of the chosen aggregate, with
the corresponding STEM Bright Field image in inset. The white contrasted spots in the
image corregond to gold nanoparticles deposited on the TEM membrane after the
deposition of the specimen, to be used as fiducial markers for the alignment of the
images of the tilt series before the reconstruction ; B) Three orthogonal views through
the volume of theatalyst nanograin obtained by electron tomography ; C) Typical slice
extracted from the reconstruction corresponding to the area highlighted by a red square
in A'; D) The corresponding 3D model of the same area.

Figure 9: CHs and CQ conversions, and 420 molar ratio in the DRM reaction on
Ni%w@S. A: as a function of temperature and B: as a function of time on steam at
650°C under a GHSV of 144 g™,

Figure 10: A: CH4 and CQ conversions, and B: 4O molar ratio in the DRM

reaction on Nk«/S (Puple) and Niso.@$S (red) at 650°C during 12 h on steam under
aGHSV of 960 L g h.
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List of tables

Table 1:Physicochemical properties of the calcined38BA15 monolith samples.

Calcined Reduced
Samples Ni 2 Seet V Des” D pores®  NiO size® Ni%size®
Wt. %) (m2gh)  (cmPg?) (nm) (nm) (nm)
Support S 574 0.81 5.4 - -
NI, oS 17 519 0.77 5.4 5.3 -
Ni"., /S 6.8 507 0.75 5.4 5.4 8.0
NIt o, @S 2.0 570 0.65 42 n.d! i
Ni' @S 4.5 562 0.55 4.0 n.d 2.1

a Estimated from the Hconsumptions during the TPR measurements (good agreé&etsveen the
Ni contents determined by-H'PR (4.5 wt.%) and by IGEOS analysis (4.2 wt.%) for Nis@S);°

Estimated from BJH on the desorption brangtDeduced from the BJH desorption pore s
distribution Yand® From TEM images after measuring abdQ0 particles’ not detected.
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Table 2: H, chemisorption data recorded at 25°C after reduction underti650°C for 2 h anc
evacuation at 620°C for 1 h, Ni dispersion and TOF in the DRM reaction.

parti TOF b

Amount of H» . , Ni particle TOF ® 1

Materials chemisorbed Ni d|soperS|on diameter @ (sh (s7)
P (%) N After 12 h

(cm*g™h (nm) initial

on stream

Ni°5%/S 1.04 8.0 12.6 1.7 ~0

Nios%@s 2.66 31.0 3.3 1.2 1.1

Ni° @S 1.35 35.0 2.9 1.4 1.2

2.5%

aFrom H chemisorption? CH, TOF at 650 °C (see Supportingfaormation section).
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Figure S1: Temperature program used for the removal of the organic surfactant (Pluronic P1.
during the calcination treatment.

Figure S2: N2 adsorptiondesorption isotherms at196 °C and pores size distributions of the
calcined samples: S (black), 'Mw/'S (green) and Ni2s4@S (blue, prepared using the ompet
strategy).

Figure S3: Wide angks XRD patterns of calcined'™h/S, Ni'ss@S and of the support, S. The wi
peak between 27= 15-30° is attributed to diffusion effects by the amorphous silica walls, wher¢
the wide peak at 42° in the S sample is attributed to the contribution of FFMA sample holder.
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Figure S4: Wide angles XRD patterns of calcined'hiwS samples. The wide peak betweerf=2
15-30° is attributed to diffusion effects by the amorphous silica walls.

Figure S4 showedive intense diffraction peaks at 2P = 37.243.3, 62.9, 75.4 and

77° for Ni''2.5%/S (particles around 6 nm), whereas its counterpart prepared by the
one-pot method (Ni'25%@S) did not show any diffraction peak.

Figure S5:Hz-TPR profiles of the calcined Mis«-S samples recorded withtdz 5 vol.%/Ar flow of
30 mL min! and a heating rate of 10°C mih
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Table S1:Comparison of the Nickel reducibility behavior for relevant-RiQ based catalysts (nc
phyllosilicates and promoters)

Preparation Solids H-TPR
method type Comments Conditions Ref.
(5 vol% Ha/Ar)
5wt. % Ni - One main peak at 650 ¢ with reduction up to FIovr\:q:iﬁE mL This
on SBA15 800 ¢ Ramping rate work
OnePot Monoliths 10°C mint
15wt % on - One main pea_k aBB50 @ (very low probably due to _
SBAILS large partlclgs size (_17 nm)). _ Not mentioned [1]
- The reduction continuesup to 650 ¢t (low quantity).
- Whatever the impregnation method, two reduction
peaks were obtained: 0
5to10wt.% - First one around 300-450 ¢ and a second one G vzlr/,o\Jl-)IzlAr
of nickel on  between500-650 . Flow betzween
Imoreanation SBA15, - some exceptions could be observed when the 20 10 60 mL. [2-
preg SBA16 or impregnation was promoted with oleylamine (OAm) min-L 5]
mesoporous an_d/or oleic Ramping rate
SiG acid [5] 10°C mint
- By far, no Ni reduction at higher temperature than
750-800 & could be identified.
5 wt.%
Nlicnkel -Encapsulated Ni particles within porous Si@ (M-
. Ni@SiQ in black) showed two re duction peaks as
Coreshell microporous

well . Not mentionned

(6]

(encapsulation) (:Scllr'g?%\gﬂge” - The second peak has shown high reductior
temperatures (around 750°C)
structure
0.16 to 0.32
wt.% Ni
colloids One reduction peak perhaps due to the hmogeneity of o
Pr(—:(u:%%r;tigo;:ed (different St fr—<..Z%e ecoetd —ie e'—f™: é%mﬁ Hf;fg)of 7]
articles sizes) on reduction temperature corresponds to the smaller 18°Cgrnin
P silica particles (peak at420 &)
spheres

According to Table S1, our ong@ot preparation method leads to one ofhe highest

metal support interactions obtained in the absence of promoters or for methods

which does not involve phyllosilicates as well as to a particles size control (one

main reduction peak).
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Figure S6: TEM images of microtomed MNisw/S (A, B) am Ni'25%@$S (D and E) in their calcine
state. HRTEM image and SEAD patterns ofiNi/S (C).

x Ni"254/S andNi"; 5@ exhibited hexagonal mesoporosity (Fig. S6 A, B, D
and E).

x In the case of Nb.se/S:
0 Heterogaeously dispersed NiO particles were clearly observed
0 SAED patterns showed five rings which indicates the presence of

polycrystalline NiO nanopatrticles.

X In the case (@i”z.w@S no NiO particle were observed.
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Figure S7:N: sorption isotherms at-196°C and pores size distributions of selected reduced

spent Ni/S and Ni@S (with 5 w# Ni) samples.

Table S2:Physicochemical properties of the reduced and spent materials.

. SseT Vpores? Dp Ni¢ size ¢

Materials

(m2g?) (cm3g?) (nm) (nm)
Ni”S%@S Calcined 562 0.55 4.0 .
Ni° @S Reduced 421 0.53 4.0 2.1
Ni°, @S Spent 458 0.53 4.0 2.7
Ni"s0/S Calcined 507 0.75 5.4 -
Ni%9/S Reduced 422 0.72 5.4 8.0

a From BJH desorption? Average pore diameters deduced frdme BJH method applied to the desorpti
isotherms¢ Estimated from TEM images after measuring around 400 particles.

Figure S8: Wide angles XRD diffraction patterns of the®-S samples (reduced at 650°C for 2
under a flow of 30 mL mif of 5 vd.% H/Ar). The wide peak between Z= 15-30° is assigned tc

the diffusion effects by the amorphous silica walls.

45



Figure S9: Wide angle XRD diffraction patterns of the®wS samples (reduced at 650°C for 2
under a flow of 30 mL miwof 5 vol.% H/Ar). The wide peak between Z= 15 30° is due to diffusion
effects by the amorphous silica walls.

Figure S1Q PDF analysis: Normalized experimental G(r) of reduced Ni5%@S (in red) compai
to normalized S G(r) without nickel (in blue).
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Figure S11: A) 2D STEMHAADF image, at 0° tilt, of a second typical grain okM®S sample
chosen for the tomography analysis; this image is extracted from the tilt series used to calc
the 3D reconstruction. The white contrasted spots in the eacorrespond to gold nanopatrticle:
deposited on the TEM membrane after the deposition of the specimen, to be used as fi
markers for the alignment of the images of the tilt series before the reconstruction.
corresponding orthogonal views of theatculated reconstruction is shown in inset. B, C and
Three typical slices extracted from the reconstruction, at different depths, showing the presen
Ni NPs in the whole volume of the mesoporous silica grain and their very good dispersion.

Table S3: Ni dispersion on siliceous supports for catalysts used in the DRM reaction reporte
earlier works.

Ni Dispersion Method for D%

Ref Authors (W.%) (D, %) Support calculation Refa

[8] Qianet al. 0.5 40.3 KIT Hz chemisorption -

[9] Gaoet al. 5.0 27.1 Mesoporous N20 pulse -
SiIG titration

[5] Gaoet al. 5.0 21.0 Mesoporous Hz chemisorption -
SiQ

[10] Taherianet 10.0 13.8 SBA15 TEM -

al.
[11] Wangetal. 5.0-12.0 11.4 SiIG Hz chemisorption -
nanocapsule
[2] Galvezet al. 8.0 8.7 SBA15 Hz chemisorption  [31]
[12] Wanget al. 4.0-8.0 6.8 HMS CO chemisorption -

a7



[13] Lietal. 25.0 3.7 SiQ nanotubes  Hz chemisorption -

[14] Lietal. 10.0 2.0 SBA15 Hz chemisorption -
[15] Yanet al. 5.0 12 SiG-CeQ CO chemisorption [38]
[16] Caoet al. 5.3 9.7 Ni/BN@mSiQ Hz chemisorption -

aReference number in the manuscript.

Figure S12: A: TGA profile and B: XRD pattern of the spentsh@S. (The wide peak at 15
2 T 30°in B can be assigned teRay diffusion by the amorphous silica walls).

Figure S13:A and B: TEM images, STEM/HAADF and EDX/mapping (Ni in Green, Si in yello
O in purple) acquired on typical areas of microtomed spen®N@S (GHSV = 144 L1 1).
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Figure S14:A: CHand CQconversions, and B:3HCO molar raio in the DRM reaction on Rks/S
(purple) and NPs»@S (red) at 650°C as a function of time on stream under a GHSV of 98GiL ¢

49



Table S4:Detailed experimental parameters of selected studies using Nickel onto silica.

Ni
Catalyst TOFa Tb GHSV Dnic CHyd
Ref o (wt.% Method Feed Refe
description (s1) (°C) (Lgthy ) (%) (%)
. . . . . . . CHy, CQ, and N
0 , CQ,
7] Ni°colloids prepared in organic medium deposited onto Si© 61.7 800 12 0.21 na. _CO _ 9,9, and 2 mL min 39 7]
spheres chemisorption 1
L CO CQCH=11
[17] Core-shell Ni@SiQ 334 750 48 29 n.a. chemisorption 20 mL STP mirt 57 [47]
o - Hz CQ:CHiHe=1:1:1
[18] Multi -Ni@Ni phyllosilicate hollow sphere 12.0 700 1880 40 2 chemisorption 314 mL mint 16 [46]
. . Hz CQCH=11
[19] NiCe@mesoporous Sigxore-shell 6.2 500 108 10 3 chemisorption 45 mL min- n.a. [1]
A . . . . . Ha CQ:CH:N2=1:1:1
[5] Ni/SiOzprepared by impregnation assisted with oleylamine 2.8 700 1440 5 21 chemisorption 240 mL mint 8 -
[20] Ni-3L8205/SiO2 1.9 700 1440 175 n.a. XRD CQ:CH=1:1 10 [44]
[21] Ni-carbon composites on silica 1.3 550 24 9 n.a. .CO . CQ:CH‘:.Ll 10 -
chemisorption 40 mL min?
[22] Ni nanoparticles in ceriummodified silica aerogels 0.6 500 12 5 10 He CQ:CH‘:.Ll n.a. -
chemisorption 45 mL min?
. ) L ) _— CQ:CH:Ar=1:1:2
[23] Ni confined in SiQ nanofiber (electrospinning) 0.4 700 48 10 12 TEM 80 mL min? 60 -
[24] Ni nanoparticles immobilized on Cemodified mesoporous silica 0.1 450 18 10 10 .H2 . CQ:CH‘:.Ll n.a. -
chemisorption 15 mL minrt
. . Cco CHNo= 11
[25] NiCo@SiQ@core-shell 0.1 800 600 10 15 chemisorption CQ:CHiN2=1:1:1 87 [45]
[26] Ni in silica nanocapsules 9.6 700 3600 12.3 14.4 H. CQ.CHi=11 n.a. [14]

chemisorption

alnitial (when mentioned) TOF value of the best catalyst Temperature used when TOFs were calculated;Nickel dispersion;d CH: conversion for TOF calculationtReference number
in the manuscript; n.a. not available.
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Figure S15: A) CH and CQ conversions and B) #iCO molar ratio in the DRM reaction ot
Ni%54@S as dunction of temperature (GHSV of 960 L §1).

A B

Figure S16: A) CH and CQ conversions and B)HACO molar ratio reaction on Nks«@S at 650°C
for 12 h on stream under a GHSYV of 960-Lig.

TOF calculation in the manuscript

B S aae@aslaa
TOF (Sl) _( ;, CaRra” U TRTxapaRas )/ 3,600

TE UvUxea@adaelaa

Pure CH flow = 0.48 L ht
Vm (molar volume) = 22.4 L mot

Mni = 59 g molt
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Figure S17: A and B: Representative TEM images takensome typical areas of spent MiJ/S.

Figure S18: Summary of relevant results of Néw@S vS. Niso/S including TEM images, N
reducibility (H2-TPR) as well as XRD patterns revealing the effectiveness of th@oingreparation
method while increagig the metal loading.
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