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Abstract

Two series of Ni (2.5 to 7.5 wt%) and Ce (6 wt%hizoning SBA-15 catalysts were prepared and tested
in dry reforming of methane, a promising routetfog production of syngas. Both Ni and Ce speciag we
introduced in the organized mesoporous silica stppdhe form of nitrate salts using the “two sains”
procedure that is known to favor metal dispersimide the porositySamples characterizations by N
sorption, SAXS, XRD, SEM and TEM indicate good presation of the porosities after Ni
deposition and calcination as well as formationNo® nanoparticles entrapped in the porous
channels. In the cerium-enriched samples, the,@@Boparticles are also highly dispersed. After
reduction, all the catalysts show high activity asdectivity towards Hland CO at atmospheric
pressure with full Chkl conversion below 65C. In these conditions, there is no significant
promotional effect by ceria. Moreover, prolongestseperformed at 568G for 12 hours reveal a
high stability of the catalysts. The absence ofctieation throughout the catalytic run at this
temperature agrees with the low carbon amount tbeteafter test and with the limited sintering
of the Ni nanoparticles in the used catalysts. Ppbsitive effect of the SBA-15 mesoporous
channels towards stabilization of the supportetigdas is discussed.
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1. Introduction

Fischer-Tropsch Synthesis (FTS) is an importantcgse for the production of liquid
hydrocarbons from syngas. The latter is a gaseaxtsima primarily composed of CO and kh a
ratio that varies depending on its method of prddac The three main processes for syngas
production are steam reforming of methane (reactf HO with CH,;), CO, reforming of
methane (reaction of GOwith CH,;) and partial oxidation of biomass, methane, caull,
petroleum naphtha [1]. Among these reactions,, @&orming of methane has the strong
advantage of producing a clean CO andnkixture in an equimolar ratio (1:1) best suited fo
subsequent FTS reaction [2-4]. The obtainetCB ratio is on the contrary near 3 (i.e. too high
for FTS) when syngas is produced from steam refognaif methane. It is around 2 with direct
oxidation of methane but the process is then highilythermic, being thus risky and insecure due
to the formation of hot spots, particularly at hggace velocities, leading to difficulties in prese
control. Based on these considerations, dry refognuf methane (DRM) arises as one of the



most promising methods for syngas production. Meeeoan important advantage is that syngas
is then produced from the consumption of metharte aarbon dioxide that are two gases with
strong greenhouse effect, thus offering an additienvironmental benefit.

In the process of dry reforming of methane by carbmxide, the main reaction (GH CO, —

2H, + 2CO) occurs in the gas phase. Secondary reactian also take place especially reverse
water gas shift (RWGS, GG H, —» CO + H0O), methane decomposition (gH 2H, + C), and

CO disproportionation known as Boudouard react@@d@ — CO, + C). The last two reactions
produce carbon that can contribute to catalysttdedmon by forming carbonaceous deposits on
the inner and/or outer catalytic surfaces [5]. Besj both Boudouard and RWGS reactions occur
at low temperatures while DRM (main reaction) ané@thmne decomposition require high
temperatures. Therefore, a reasonable goal fommeganore efficient and energetically less
demanding reforming processes is to design hetesmyes catalysts able to perform the reaction
at moderate temperatures where carbon formatimikited.

As recently reviewed [6], supported catalysts cimimig noble metals such as Rh, Ru, Pt or Pd are
active catalysts for DRM. They are also stablehat high temperatures (>600°C) classically
needed to achieve high conversions [7,8]. Howewvere to economic and environmental
constraints, the substitution of noble metals gngition ones, especially nickel [9-16], is
nowadays attractive. In this context, Hou et ghoréed that nickel nanoparticles well-dispersed
on alumina can provide high GFand CQ conversions close to those obtained on Rh based
catalysts [11]. Similarly, Jozwiak et al. found gloand comparable performances towards DRM
using catalysts with either Ni, Rh or bimetallic-Rih nanoparticles supported on $i{22].
However, the Ni containing catalysts suffered froeavy coke deposition [11-14]. Therefore,
increasing coke resistance appears as a key pamatoatevelop new efficient Ni-based catalysts
for DRM. Ni particles’ sintering during activatiaand reaction is also an important drawback that
should be avoided.

In a recent study, Gong et al. succeeded in staiglinickel particles in phyllosilicate nanotubes
and obtained catalysts with excellent DRM perforogmnand coke resistance [17]. Similarly, Ma
et al. found that nickel nanoparticles locateddascarbon nanotubes are more reducible and
resistant to sintering as well as catalytically enactive and stable than those loaded outside the
nanotubes [18]. Besides, various authors reportpdomoting effect of ceria in these catalysts
due to (i) higher availability of oxygen atoms thahibit coke formation and (ii) enhancement of
the Ni nanoparticles dispersion and stability [13)-2t was also proposed that the performances
of ceria-doped mesoporous Ni/SBA-16 in DRM were réased through metal-support
interactions [24].

In this context, the purpose of the present work teaprepare efficient and stable Ni/SBA- 15
catalysts with and without CeOThe organized SBA-15 mesoporous silica was saleets
support because of its ordered channel system kigh internal surface area and high pore
volume that gives high capability to disperse atabitze oxide and metal nanoparticles. This
choice was also established from recent resultsrtieg promising behaviors of Ni based SBA-
15 catalysts in DRM [20,21,25]. In these works, bwer, the catalysts were prepared by classical



incipient wetness impregnation [20,21] and nickepakitions both inside and outside the pores
were observed. Therefore, our purpose in this weals to prepare improved Ni(Ce)/SBA-15
catalysts with active Ni (and Ce) nanoparticleshhigdispersed all over the support and
predominantly (if not fully) located at the interiof the mesoporous channels. To this end, we
used a “two solvents” method that consists in sogdjpg the mesoporous silica in a hydrophobic
solvent (e.g. hexane) before mixing it with the egus metal precursor solution. Indeed, it was
shown that this facilitates the homogeneous petm&traof the impregnating metal precursor
solution inside the channels while simultaneouslgiding excessive local impregnation at the
external surface of the silica grains [26-31]. Aesault, higher deposition of the supported active
phases inside the pores compared to classical gnaten is obtained, which should be strongly
benefic to both the activity and stability of thatalysts during DRM reaction. The addition of
ceria in some samples was carried out to chedkeifabove mentioned promoting effect reported
by various authors remains in our preparation des.

2. Experimental part
2.1. Catalyst preparation

The SBA-15 silica supports were synthesized acogrth a standard procedure adapted from the
recipe described by Zhao et al. [32]. Thus, 8g I3were dissolved in 252 mL HCI (1.9 M) at
35°C for 24h then 18.4 mL of TEOS were added drpgdiop and the resulting solution was kept
under heating at 35°C for another 24h. The synthegere carried out without applying a
condensation hydrothermal treatment. After recoumryfiltration, the powders were calcined at
500°C (heating rate °Z.min") for about 9 hours in a muffle furnace (NaberthetrE6/11) to
eliminate the structuring organic agent and theo@k. In order to have sufficient amount of
support, two silica batches were prepared (denS&4-15 and SBA-15), with close textural
properties (see results section). For both prejosustwe checked that the calcined mesoporous
silica were almost chlorine free.

The deposition of the precursor nickel nitrate [INX),.6H,O) or cerium nitrate (Ce(Ngk.6H,0)
salts (from Sigma-Aldrich) inside the pores of thBA-15 supports was carried out using the
“two solvents” procedure detailed elsewhere [26-28iefly, 1g of support was suspended in 20
mL of n-hexane for about 15 min, then a volume afex set equal to the silica porous volume (as
determined by Bl sorption) and containing the appropriate amountetal salt precursor was
added dropwise. Afterwards, the impregnated sampése left to dry overnight under air. The
cerium content was identical in all Ce-containiregatysts (6 wt%) while the concentration of
nickel varied (2.5, 5.0 or 7.5 wt%). For the Ce4admng samples, the Ce loading was carried out
first, followed by calcination in air for 5 hours 450°C (thin bed conditions, heating rate
0.5°C.min%), then Ni addition and calcination were conducischbove. The obtained samples are
designated NISBA-15 and NiCel/SBA-15, where x is the Ni wt%. A Ni free sample
(Nig/SBA-15,) was also prepared by submitting the SBA-IBesoporous silica to the “two
solvents” preparation (including calcination) buttheut adding nickel nitrate. Finally, a



reference sample was similarly prepareds(®I0,), using fumed silica (Sigma-Aldrich) as
support.

2.2. Characterization techniques

The textural properties were determined fromalsorption-desorption isotherms recorded on an
ASAP 2020 (Micromeritics) apparatus. Prior to expents, the samples were degassed under
vacuum for 2 hours at 280. X-ray Diffraction (XRD) studies were carried auging a Briiker
D8 diffractometer (Bragg-Brentano, Copper 1.5418 A). Coherent crystallographic domains
were determined by standard analysis of FWHM (RAidth at Half Maximum) using the
Scherrer equation applied with a Warren correctidme Small angle X-Ray scattering (SAXS)
measurements were recorded on the SWING beamlinesyoichrotron SOLEIL using
experimental conditions detailed elsewhere [33]e Thorphologies of the silica grains and
oxides/metal nanoparticles were determined by tngsson electron microscopy (TEM) on a
2010 JEOL TEM microscope operating at 200 keV (Lafa6) equipped with an energy
dispersive spectroscopy (EDS) probe for local cleaiminalyses. The mean particle sizes were
evaluated by counting at least 500 particles. Sognelection microscopy (SEM) micrographs
were registered on a Hitachi SU-70 SEM-FEG thatrditinecessitate covering the sample with a
carbon or gold conducting film previous to obseiMad. The images were recorded in a mixed
mode to obtain simultaneous information on the axgf morphology of the grains (70% of
secondary electrons signal) and on the externdldded species, if present (30% of retro-diffused
signal).

2.3. Catalytic tests

The catalytic tests were conducted at atmosphegesspre in a continuous U-shaped fixed bed
flow reactor in quartz. Either 20 mg or 100 mg ofyaler were loaded on a quartz wool plug.
These two masses were selected to provide infoomain diffusion limitations. Prior to the
catalytic reaction, each sample was thermally redire situ at 650C for about 2 hours (heating
rate 10°C.mift) in a 5% H/Ar flow (30 mL.min'). Before TCD detection (Autochem 2010
micromeritics instrument), the flow was passed inodd trap (bath made of ice and NacCl) to
remove water and ensure detection of the sole tedugrocess (Bl consumption). The
temperature was next cooled down to 200°C and #dsewpns switched to an equimolar reactant
mixture of CH, and CQ (total gas hourly space velocity of 52.8 Lig* and 264 L.g.h™ for the
100 and 20 mg loadings, respectively). Then, thgperature was increased from 200 to “€Dat

a rate of 8C.min" (light-off curves) and the reactants and produatse regularly analyzed in a
Micro-GC Inficon apparatus equipped with a Therr@anductivity Detector (TCD) and two
columns in parallel for the detection of ¢;HH, and CO (Molecular Sieve column) and of £O
(plot U column). Finally, the temperature was dasesl to 500°C in 30 minutes and maintained
at this temperature for 12 hours to perform stghiieasurements.



3. Results and discussions
3.1. Structure and porosity of the parent and calcied samples

The textural properties of the prepared materia@sevanalyzed by Nsorption experiments. All
parent SBA-15 supports and impregnated catalystsept a type IV isotherm with a H1
hysteresis loop typical of well-ordered porous mate with parallel mesopores (Fig. 1).
However, the pore volumes and surface area vatytivé sample (Table 1).

First, the lower adsorbed volumes in SBA-ampared to SBA-L5 especially at PgPbelow
0.035 (Fig. 1a and 1c respectively), indicate allemaontent of micropores in this silica sample.
This can be due firstly to the absence of hydrotiarcondensation step during the synthesis of
these parent samples, which makes them more sensatistructural shrinking during calcination
[34]. However, a complementary explanation can lmmsclered in view of the SAXS
diffractograms (Fig. 2) that show the (100), (1Hdd (200) peaks characteristic of a highly
ordered hexagonal mesoporous supports structuren@p§l7] for both silica but less intense and
moreover split in two contributions for SBA-L8Considering the most intense (100) peak, these
contributions correspond to unit-cell parameterd 1d.6 and 106.6 A that suggest that SBA-15
is a physical mixture of partially uncalcined (lggsous) and calcined (porous) silica grains.

Second, the pore volumes and pore diameters sligletreased when SBA-4%Fig. 1c) was
submitted to the “two solvents” procedure (withougtal addition) to give Ni-free NSBA-1%
(Fig. 1d). This revealed some textural instabibfythe mesoporous silica in the conditions of
metal impregnation (and calcination), but the dffemmained limited since 90% of the pore
volumes and surface areas were preserved (Tabl&ut)hermore, the mean pore diameter
remained unchanged. In contrast, the mean poreetirdecreased by about 5% (from 42 A to
40 A) and even 8% (from 41 A to 38 A) in the$iBA-15 and NiCey/SBA-15, series (Table 1),
respectively, in strong agreement with the hypathed metal deposition inside the pores.
Moreover, the shape of the hysteresis loop was tiadiified, with systematic deformation of the
desorption branch (Fig. 1b, d and e). This is tgbaf partial plugging and limited access to the
mesopores, further supporting the presence of omxaa@particles inside the pores.

Third, the porosity loss was of the same order afjnitude regardless of the Ni content (24-34%,
Table 1). It was slightly accentuated in theg@&/SBA-15, series due to the co presence of Ce
and Ni species in these samples and/or to theitiepedf the impregnation treatments that may
have provoked additional silica collapse, altholigtited. Also, small variations of the pH of the
nickel nitrate solution during preparation, duectmanges in metal concentration, could have
played a role. It was the highest, around 4.5, thw samples containing 2.5 wt% Ni, and
decreased to 4.0 and 3.7 for the 5.0 and 7.5 wt%oNient, respectively; it was around 4.0 during
cerium addition.

3.2. Structure, size and location of the supportedanoparticles

Structural information on the deposited metal sgean the calcined samples was gained from
wide angle X-ray diffraction (Fig. 3). In all diictograms, the SBA-15 support with amorphous



silica walls gives a broad signal centered at al@ttas well as a background that extends up to
90°, while progressively drifting towards highetdansity. The drift is accentuated for the metal
richest samples. Since X-ray fluorescence is amiat@roperty that becomes inefficient if the
emitters’ atoms are located deeply inside the gralihis suggests an increase of the metallic
species located outside the silica grains at higtahtoadings.

The narrow peaks visible above the broad sign#ienNi/SBA-15 series (Fig. 3a and 3b), with
main peaks at@ = 37°, 43° and 62°, correspond to nickel oxideapamticles (JCPDS 04-0835)
with a face-centered cubic lattice (Fm-3m) and i cell parameter equal to 4.17 A. The intensity
of the peaks increases with increasing nickel auntén line with a higher amount of
nanoparticles in the metal-richer samples. On tbetrary, the width of the peaks does not
significantly vary from one sample to another, agading that the mean particle size remains
comparable regardless of the Ni content. From st@ah&#WHM analysis, the average size of the
NiO crystallographic domains is in the range 5-7 ([@iable 2) which is interestingly significantly
smaller than the sizes reported in the literataifedys above 10 nm) for Ni based nanoparticles
supported on Sig}35,36] or on mesoporous SBA-15 [21,37-41] withnathout promoter.

In the NiLCe/SBA-15 series of samples (Fig. 3c and 3d), a NiO patarabove is present but
together with new peaks a®2= 28, 33, 47, 56 and 69° characteristic of facete@d cubic Ce®
crystalline nanoparticles with a cell parametebefl A (JCPDS 075-5980). Using FWHM, the
average size of the coherent domains for the @Ge@oparticles is found between 4 and 6 nm, in
the same range as for the NiO nanoparticles. Thexetvell dispersed NiO and CgCrystalline
nanoparticles co-exist in the silica grains anditiieduction of ceria previous to the Ni ions in
the SBA-15 porous channels did not modify the ott@rastics of NiO nanoparticles formation.

The high dispersion of the supported metal oxidecEs was also confirmed by electron
microscopy both in the scanning (Fig. 4) and trassion (Fig. 5) modes. The SEM images
reveal that the SBA-15 silica supports are cortstituof grains with rather homogeneous
morphology, appearing in the form of slightly elated rods with length between 0.6 andm
and 0.3 to 0.5um in diameter (Fig. 4a). At high resolution, theelar channel system is easily
distinguished (Fig. 4b). It is also well identifidgy TEM, even after Ni impregnation and
calcination, as illustrated by the representatictupes taken parallel (Fig. 5a,b) or perpendicular
(Fig. 5c) to the main axis of the silica grainsu¥hin agreement with porosity data (section 2.1),
the linear porous system and the nanosized hexhgoreapertures characteristic of the SBA-15
structure were well preserved in the prepared ygsttal Few amorphous silica deposits originating
from the support syntheses were also noticed atuhace of the silica grains, but in low amounts
(Fig. 5a). On the TEM images, the dispersed Ni-haswmoparticles appear in dark on the grey
silica walls owing to their higher electronic ddgsiThey are present inside the pores (Fig. 5a-c)
and are most often aligned along the channels, ilgrnwvorm-like curved lines (Fig. 5b). In
agreement with XRD, they show a reticulai.distance of 2.1 A typical of NiO (zoom in Fig.
5d). Moreover, their mean size is around 5-6 nnbl@2), slightly higher than the pore diameters
(Table 1). Thus, the channels walls effectivelytdbate to high nickel dispersion by restricting
the growth of the supported particles. As a resiét,channels are partially filled, in line witheth
decrease in pore volumes discussed above.



In the samples with limited Ni content (2.5 and 86ANi), the nickel oxide nanoparticles were
predominantly located inside the pores, with alnmasparticles visible outside, which illustrates
the efficiency of the two solvent impregnation prdare towards predominant deposition of the
metal species inside the channels. Nevertheleggebparticles were identified on the surface of
the silica grains at higher Ni content. These ewksupported metal species oy {#6BA-15
were detected by not only TEM (Fig. 6a) but alsoSM on the images recorded in a partial
retro-diffused mode where the heavier elementse(y appear more brilliant (Fig. 4c). These
various features were unchanged whether the sasoptained or not Ce.

Although well dispersed, the nanoparticles were mhaimogeneously distributed among
the silica grains in both NISBA-15 and NiCe/SBA-15 series. Indeed, the pores of
some grains remained empty while others containegh hnumber of nanoparticles.
Also, the Ni concentration not only varied from ogeain to another but also changed in
a same grain depending on the zone. Moreover, & @® containing samples, some
grains contained both elements whereas others weareched with only Ce or Ni as
measured by EDS. Thus, the local atomic Ni/Si gtim Ni containing zones were
between 0.04 and 0.07 in NISBA-15, around 0.08 in NISBA-15 and in the range
0.09-0.17 in NigSBA-15. Taking into account that some grains are emptyesd
values are in good agreement with the global atoNiiSi ratios of 0.034, 0.068 and 0.1
expected from the amount of Ni impregnated on thesenples, respectively. In the
Ni,Ce/SBA-15 series, Ce was even more heterogeneously localsade the atomic
Ce/Si ratio was as high as 0.16 in some grains fhech higher than the value of 0.025
expected for 6 wt% Ce). It is worth adding that t@e-enriched grains could be easily
distinguished in the TEM pictures due to their mutérker appearance than for the Ce-
free grains and to the presence of small Le@@noparticles shaped into small dots (Fig.
6b).

3.3. Catalytic activity

Before catalytic tests, the calcined samples weduaced in flowing 5% BAr at 650°C
(10°C.min%). At this temperature, the NiO nanoparticles weitly transformed into metallic Ni

as confirmed by TPR (data not shown) that indicaked the reduction took place in two main
steps, at around 390 and 600°C in all catalystss arees with previous works [41-44] that
assigned the low temperature peak to the reducfiddiO nanoparticles in weak interaction with
the support while that at high temperature woultieacorrespond to isolated Ni-ions in strong
interactions with the silica walls. As expectede thydrogen consumption increased with the
nickel content and the proportion of nickel in weakeraction increased simultaneously. No
significant difference in the nickel reduction pess between the samples with and without ceria
was noted.

After reduction at 650°C for 2h, the temperatures waoled down to 200°C, then the 5%/Adt
flow was switched to that of reactants and the @nah of the CH and CQ conversions was
followed while increasing the temperature from 200800°C (light-off curves). Figure 7 (left



side) shows the evolutions of conversions of,GHg. 7A) and CQ (Fig. 7B) as well as of
selectivities (H/CO molar ratio, Fig. 7C) as a function of temperatfor some representative
samples; Table 3 details the values obtained aB®0A0650°C for all samples, using either 20 mg
or 100 mg of catalyst (264 and 52.8 L.Ig*, respectively).

First, for all Ni-containing SBA-1Hcatalysts, the CHconversions were between 40% and 65%
at 500°C and close to 100% at 650°C (Table 3 agd #\). These values are much higher than
those attained on the reference/SIiO, catalyst supported on fumed silica, even if theetavas
tested at lower space velocity (Table 3). This aévehe excellent catalytic behavior of all
Ni./SBA-15 samples. Second, the regular increase of both &td CQ conversions with
temperature (Fig. 7A, B) validates the endotheramaracter of the reaction. Third, the increase
of the nickel content from 2.5 wt% to 7.5 wt% reedlin a slight amelioration of the catalytic
activity, yet very low compared to the active phasmtent that is three times higher. This
suggests some accessibility hindrance to the asites and/or diffusional limitations, as also
supported by the comparable conversions attaineshwbiing 20 or 100 mg of catalyst (Table 3).
These limitations can be related to a more diffiagcess to the Nparticles blocked inside the
channels. In spite of these restrictions’ plays an essential role in the reaction sinceheeithe
SBA-15 support alone, nor a £8BA-15 sample tested for comparison, were actdsga not
shown). Fourth, the presence of Ce in theO&i/SBA-15, series did not enhance the catalytic
activity in the test conditions used (Fig. 7 andbl€a3) compared to the Ce-free samples.
Therefore, in agreement with recent reports [21,48¢ promoting effect frequently reported
upon ceria addition on Ni catalysts working in DR#¢¥high reaction temperatures (above 700°C)
and for longer times [19-23] is no longer evidehiew medium temperatures are applied.

It can also be noticed that the conversion of, @ all catalysts is slightly higher than that of

CO, (Fig. 7 and Table 3). This may indicate some nreathdecomposition as secondary reaction
[46,47] but at a very small extent, in line witletlimited formation of carbon deposits (especially
nanotubes) as will be further discussed from ebectnicroscopy data (section 3.5). Also, it can
be recalled that some kinds of carbon nanotubewtaffect the stability of the catalysts [47].

Finally, a last interesting point to mention is thexy high CH conversion achieved, with values
significantly higher than those commonly reportedthis reaction in the same temperature range
[48]. Lotina et al. [46] noted a similar trend withi-based mixed oxide (from hydrotalcite)
catalysts and attributed it to the occurrence afomdary reactions like RWGS, methane
decomposition and steam reforming. However, sucbhrs#ary reactions should remain negligible
in view of the H:CO ratios close to one and of the limited coke amidas above mentioned).
Then, another interpretation could be raised, vimgl a membrane effect already proposed by
Haag et al. [49] and Munera et al. [50] when usiatalytic membrane reactor for dry reforming
of methane. By analogy, the J$BA-15 catalysts could be considered as membraaetars in
which diffusion of the reactants and products cowddy depending on the chemical nature and
size of the compound. The easier diffusion of thaals H, molecules (product of reaction)
compared to reagents (¢lnd CQ) and other products (CO and®) could thus displace the
reaction towards products and lead to conversiagkeh than expected from thermodynamic
equilibrium. This could also contribute to the Bligguperiority of the Cllconversion compared



that of CQ, the RWGS reaction being inhibited in the absewfcH, (diffusing rapidely outside
the pores). However, the most probable explandigmnin the diluted gas mixtures used during
the tests (see section 2.3). Indeed, the convexsibtained in such conditions were in fact very
close to the thermodynamic equilibrium values &6O(CH,;) and 0.97 (Cg) calculated with the
HSC chemistry software (where H, S and C standefuihalpy, entropy and heat capacity,
respectively) when considering the experimental, @l CQ dilution conditions applied at 1 bar
and 650°C. Such dilution effect was to our knowkdgver stressed out before and wisrkn
progress to confirm this interpretation (to be mhed).

3.4. Catalytic stability and selectivity

After reduction and light-off tests carried outadsove (step A, Fig. 8a), the catalytic stability of
all catalysts was followed at 500°C for 12 h (sBefpo C, Fig. 8a). This medium temperature was
chosen in this section for two reasons. Firstlydaeduced above from the light off curves (Fig.
7A,B), it gives intermediate conversions (40-60%t too high) that are appropriate to study the
evolution of activity with time. Secondly, operajiat 500°C would allow using such catalysts in
membrane reactors where the hydrogen permeatigrdéalines if the membrane is submitted to
temperature above 550°C [51]. To the best of ouwwkedge, only few works dealing with the
stability behavior of Ni based catalysts at low pematures have been published [52-57].

For all samples, the CHonversions (Fig. 7A"), Cfconversions (Fig. 7B') and KO ratios
(Fig. 7C") were very stable with time on streanusthevealing the high stability of the catalysts at
the applied temperature. Moreover, both carbonkgmtogen balances were found excellent, in
the range 95-100%. Even more interesting, as repted in Fig. 8b, slightly better conversions
were obtained at 500°C at step B (i.e. after cgothe temperature from 800°C back to 500°C),
compared to step A (i.e. during light-off curveggardless of the nickel content. This can be due
to differences in heat and mass transfer betweernrémsition (step A) and steady state (steps B
and C) regimes.

Also, it can indicate some beneficial transformatwf the nickel species (for instance better
reduction) and/or enhanced accessibility of theteeds after intermediate heating of the samples
at high temperature (800°C between steps A andidg, §a). After 12h (step C, Fig. 8), the
conversions were almost unchanged, demonstratinfpefu the very stable behaviors of the
mesoporous catalysts under the employed conditidoseover, as for conversions, the addition
of Ce did not play a major role on stability atsttemperature.

In addition, not only the stability but also thdesivity towards DRM was excellent at 500°C,
whatever the sample and the catalytic step, as fseenthe H:CO ratios close to one (Fig. 8c),
that is the theoretical expected value for DRM @uction of H and CO in equimolar

composition). Nevertheless, the quantity of produkke was not strictly twice that of methane
(data not detailed), contrarily to what should ocau ideal stoichiometric conditions. This
indicates that some limited Glecomposition starts to take place at 500°C amddeentuated at

higher temperatures [58,59]. This also agrees thighslightly higher Chl conversion compared

to that of CQ seen above on these catalysts (section 3.3).



3.5. High and stable nickel dispersion in the SBABLsupports

From above data, the M6BA-15 and NiCe/SBA-15 series of samples prepared by the “two
solvents” method have very good catalytic behavior©RM, even much better than those
recently reported on Ni-based SBA-15 materials @regp with classical methods of
impregnations and higher Ni loading (Fig. 9). Indieenore than 80% CHconversion was
achieved at 600°C in this work whereas at the stamgerature it reached only 45% on 12%
Ni/SBA-15 [20] and varied between 5 and 65% foreoth0% Ni/SBA-15 catalysts [21,39,60,61].
With the Ceria or Ceria-zirconia (CZ) promotione t6H, conversion exceeded 96% in this work
while only 44 and 60% conversions were achieved 2% NiCe/SBA-15 [20] and 10%
Ni/CZ/SBA-15 [21,45] catalysts, respectively. Moveo, an almost equimolar ;Hand CO
composition was attained on our catalysts, as fb0%Ni-CZ/SBA-15 material [21], while the
H,:CO ratio was between 0.7 and 0.8 (i.e. notablyelothian 1) on Ni-Ce/SBA-15 [20] and ceria-
doped Ni/SBA-16 catalysts [24].

In view of the TEM and XRD results discussed abake,high activity of both NISBA-15, and
NixCes/SBA-15; series of catalysts can be evidently explainethbyexcellent Ni dispersion seen
after calcination and maintained after reductiod eatalytic testing. Indeed, in the spent catalysts
(i.e. 12h at 500°C), diffraction peaks & 2 44°, 52° and 76° are observed for all samplés. (F
10), assignable to metallic Niwith a face-centered cubic lattice (Fm-3m) and rit well
parameter of 3.51 A (JCPDS 71-4655). Note that sprasence of NiggCo.02 (JCPDS74-5561)
with typical diffraction peaks at the same posit@amnot be excluded. These signals confirm the
preservation of the reduction state of the nickefiva phase in the DRM reaction. More
importantly, the mean crystallite sizes of the Mrtgles calculated using the Scherrer equation
on these samples are between 5 and 8 nm (TabhMhi2)y is very close, only slightly higher, than
the sizes identified before test for the NiO p&esdn the calcined samples (Table 2). Therefore,
if present, the sintering of the supported nanageag during reduction and along the reaction
remained very limited. Moreover, with respect to, @e CeQ peaks were no longer detected
after test and either no peaks or very small orssggaable to partially reduced Cg& (89-
8430), were found, depending on the sample. Thigests cerium spreading upon reductive
thermal treatments possibly in the form offCer Cé* ions and/or formation of non-crystalline
phases.

The high NP dispersion in the spent catalysts was furtherstte by the TEM pictures that
simultaneously confirmed preservation of both thesaporous channel system and the ordered
hexagonal structure after test (Fig. 11a,b) as WWeditrated by representative images of/ NBA-

15 (Fig. 11a,b) and NECe/SBA-15 (Fig. 11c). No difference between Ni/SBA-15 and
NiCe/SBA-15 catalysts has been observed. This regs expected since the presence of ceria
didn’t affect the catalytic activity/stability ohé catalysts under our experimental conditions.

As for the calcined samples, no external Ni paaichere observed and this was also surprisingly
the case for Nig/SBA-15 on which external particles were present aftercination. The
disappearance of these external particles, alsbromd by SEM (Fig. 4d), could be due to their
removal during reductive and heat treatments dweltov mechanical stability (weak interaction
with the surface) in the high gas flow. Also, thegéernal particles may have participated to coke



formation in the form of carbon nanotubes, a predbat is known to take place at the interface
between the Niactive species and the support [61]. In such dhsenickel metal particles are
progressively pushed away from the surface, whashaccur with particles deposited outside the
pores, as was indeed observed - although rarely the spent Ni richest N{SBA-15 catalyst
(Fig. 11e). In contrast, such carbon nanotubes dtaon is totally hindered inside the SBA-15
pores due to steric constraints and to the staliitim of the small Ninanoparticles that remain
strongly attached and blocked in the pores. Antamdil confirmation of the preservation of the
nickel dispersion after catalytic run is given b tatomic Ni/Si ratio values (EDS analyses) that
stayed globally comparable to those after calabmain both Ni/SBA-15% and NiCg/SBA-15;
series (Table 2).

The importance of Ni dispersion for catalytic eficcy in DRM and the very positive
confinement effect seen here and provided by thé&\-$FB support were already discussed
[27,41,61-65]. On the one hand, the confinementtdirthe growth of the Ni particles to few
nanometers during pre-treatment and reaction asudtsein a better Ni dispersion. Consequently,
the number of accessible Nianoparticles inside the pores and therefore ailahle active sites
increases (even if some nickel is not easily adoles Compared to previous bibliographic
reports on Ni/SBA-15 catalysts, the effect is hesteongly accentuated owing to the “two
solvents” metal deposition method used for thelgsit® preparation that permitted a significant
increase of the dispersion of nickel deep inside gbres [26-28]. Interestingly, very small and
efficient nickel particles were also recently obhtd by immobilizing premade Ni nanoparticles
onto functionalized silica then coating the NiO/gikatalyst with silica overlayers to enable the
transfer of reactants and products while prevendgiggregation of the Ni nanoparticles [66]. On
another hand, the SBA-15 support presents the i@poadditional advantages to inhibit coke
formation by confinement effect, thus enabling higbnversions even at low temperature
(500°C). Moreover, as previously proposed [65,8fE mesoporous support can also help to
minimize the heat diffusion problems usually endeuved with the endothermic DRM reaction,
by avoiding the formation of cold points in thealgst bed that can hinder diffusion.

4. Conclusions and perspectives

High dispersion of nickel and cerium inside therghes of mesoporous SBA-15 was obtained
using the “two solvents” deposition method. Theabestts reduced and tested in DRM show high
activity up to 800°C and excellent stability at 8G0for 12 h. Complete methane conversion is
obtained below 650°C. Due to its large specificfareg area and pore volume together with
uniform and ordered mesopore distribution, the SEBAmatrix stabilizes the nickel nanoparticles
inside the pores, thus inhibiting their sinteringdareducing coke formation during reaction.

Under our reaction conditions, no effect of ceriaswobserved. After reaction, Ni metallic

particles, stable in air, are observed inside tbheep with a good dispersion while no ceria is
detected. The use of the “two solvents” method jgerthe preparation of highly active and stable
Ni/SBA-15 catalysts for dry reforming of methaneddiional tests under higher temperature and
pressure are being elaborated in order to extrépdttheese excellent catalytic behaviors to more
severe catalytic conditions.
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Table 1. Textural properties of the catalysts

Transition metal

Surface area

Pore volume

content (wt%) (cnt.g?h)
Mean Pore
Sample Loss after
. Total metal _ sizé"(R)
Ni Ce addition micropores mesopores
(m’.g")
“ (%)
SBA-15 - - 455 0 0.06 0.45 42
Ni, f/SBA-15 25 - 348 24 0.04 0.39 40
Nis o/ SBA-15 5.0 - 320 30 0.03 0.35 40
Ni, SBA-15, 7.5 - 348 24 0.04 0.43 41
SBA-15 - - 632 0 0.09 0.53 41
Niy/ SBA-15, 0 - 571 10 0.08 0.50 41
Nis (Cey/SBA-15, 5.0 6 419 34 0.06 0.32 38
Ni- sCey/SBA-15, 7.5 6 468 26 0.06 0.36 38
Nis/SiO, 5.0 - 237 - - - -

*: loss of surface area compared to parent silité4)

** mean pore size (= 1 A) estimated from BJH method




Table 2. Estimated average particles size for the calcanetispent catalysts

Calcined Catalysts

Spent Catalysts

Sample Name @ NiO(nm) Ni/Si @ Ni°(nm) Ni/Si
XRD* TEM** atomic ratio** XRD* TEM** atomic ratio**
Ni, fSBA-15 7 6 0.04-0.07 n.d. 8 0.04-0.09
Nig/SBA-15 5 5 0.07-0.08 8 n.d. n.d.
Ni; SBA-15, 5 6 0.09-0.17 4 5 0.16-0.19
Ni, Cey/SBA-15, 6 7 0.04-0.14 n.d. n.d. 0.03-0.05
NisCeySBA-15, 5 7 0.05-0.20 n.d. n.d. n.d.
Ni; sCe/SBA-15, 5 5 0.12-0.32 5 n.d. 0.08-0.35
Nis/SIO, 13 n.d. n.d. 13 n.d. n.d.

*Calculated using Sherrer equation
**From TEM images of calcined and spent catalysts
n.d.: not determined




Table 3. Conversion and selectivity values on the diffeittlysts (as deduced from light off curves)

GHSV
52.8 264
(L.gthh
Temperature
500 650 500 650
(°C)
Conversion (%)
or B:.CO
CH, | CO, | HCO | CH, | CO, | HxCO | CH, | CO, | HCO | CH, | CO, | HxCO
Sample name
Ni, s/SBA-15 40 42 0.85 97 85 1.01 42 38 0.85 86 80 1
Nis/SBA-15 54 56 0.96 98 88 1.03 48 44 0.85 oy 84 0.97
Ni; s/SBA-15 64 57 0.9 97 87 1.03 46 40 0.85 88 80 1
Ni, :Cey/SBA-15, 46 32 n.d. 95 78 n.d. 32 26 0.83 86 8p 1.02
NisCey/SBA-15, 61 56 0.96 98 88 1.01 46 49 0.85 9p 86 1.02
Ni; :Cey/SBA-15, 64 60 1 98 86 1.09 46 42 0.87 94 8b 1.038
Nig/SiO* 53 47 n.d. 85 73 1.05

* GHSV of 21.1 L.g".h*



Figure captions

Figure 1: N adsorption-desorption isotherms for samples (a)-8B;, (b) Ni; s/SBA-15,, (c) SBA-15, (d) Niy/SBA-15,
and (e) N} sCe/SBA-15,

Figure 2: SAXS of the calcined SBA-18nd SBA-15silica

Figure 3: X-ray diffractograms of calcined (a) .NISBA-15, (b) NigSBA-15, (c) NisCe/SBA-15 and (d)
Ni; sCe/SBA-15,

Figure 4: SEM images of calcined samples (a,b) IBA-(c) Ni,s/SBA-15 and (d) Njs/SBA-15, after catalyst test
(800°C then 500°C for 12h)

Figure 5: Representative TEM micrographs of caldingi,/SBA-15 samples showing the highly dispersed NiO
nanoparticles in the SBA-15 pores: observationssofated particles (a,a’) along or (b) perpendicutathe
channels, (c,c') particles aligned along the chinaed (d) high resolution image of a NiO nanodeti

Figure 6: TEM micrographs showing (a) external tbge with internal NiO nanoparticles in NfSBA-15; and (b) a Ce-
rich grain (atomic ratio Ce/Si=0.14) in NCe/SBA-15,

Figure 7: Variation of the (A,A") CHconversions, (B,B") COconversions and (C,C"),HCO molar ratios as a function
of (A,B,C) temperature and (A',B',C') time-on-stmeaat 500°C on 100 mg of (---) NJ/SBA-15, (o)
Ni;§/SBA-15, and (A) Ni; sCe/SBA-15, (CH,:CO, = 1:1, GHSV = 52.8 L.g.h")

Figure 8: (a) temperature profile during reductammd subsequent catalytic/stability testsand comsparpf the (b) CH
conversions and (c) 22O molar ratios of the WISBA-15 catalysts (x=2.5, 5 and 7.5 wt%) at stepénhite
columns — at 500°C during light-off curve), B (greglumns - after 1h at 500°C) and C (squared cokimn
after 12h at 500°C). The black columns refer toNhge;/SBA-15, samples (after 12h at 500°C)

Figure 9: Comparison of the conversions of GA,A’) and CG; (B,B”) at 600°C on Ni/SBA-15 catalysts without @),
and with Ce (A’,B"): this study (black columns, spias with 5 wt% Ni) and bibliographic data (greylwons,
catalysts with Ni contents between 10 and 12 wt9@amples containing zirconia

Figure 10: X-ray diffractograms of spent (a),NEBA-15, (b) Ni, sCe/SBA-15, and (c) Ny sCe;/SBA-15,

Figure 11: TEM micrographs of the spent catalysteraheating at 800°C and 12h at 500°C under redstaN?

dispersed in SBA-15 grains in (a,b)sMiBA-15;, and (c) NjsCe/SBA-15, (d) high resolution image of a

Ni® nanoparticle and (e) carbon nanotube grown betwleesupport and a nickel nanoparticle



Figure 1: N, adsorption-desorption isotherms for samples (a)-38;, (b) Ni; /SBA-15,, (c) SBA-15, (d) Niy SBA-15, and
(e) N|75C%/SBA'15
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Figure 2: SAXS of the calcined SBA-15nd SBA-15 silica
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Figure 3: X-ray diffractograms of calcined (a) NISBA-15;, (b) Ni; SBA-15;, (c) Ni, sCe/SBA-15, and (d) N} s:Ces/SBA-
15
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Figure 5: Representative TEM micrographs of calcined/SBA-15 samples showing the highly dispersed NiO
nanoparticles in the SBA-15 pores: observationisahted particles (a,a') along or (b) perpendictdahe channels,
(c,c") particles aligned along the channels andigh resolution image of a NiO nanoparticle




Figure 6: TEM micrographs showing (a) external together witiernal NiO nanoparticles in N/SBA-15 and (b) a Ce-rich
grain (atomic ratio Ce/Si=0.14) in NCe/SBA-15,




Figure 7: Variation of the (A,A") CH conversions, (B,B") COconversions and (C,C"),lCO molar ratios as a function of
(A,B,C) temperature and (A',B',C'") time-on-streatrb@0°C on 100 mg of (---) M¥SBA-15, (o) Ni;SBA-15 and (A)
Ni; sCey/SBA-15, (CH.CO, = 1:1, GHSV = 52.8 L.§h?)
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Figure 8: (a) temperature profile during reduction and subeat catalytic/stability testsand comparison of ¢(be CH,
conversions and (c) #CO molar ratios of the WISBA-15 catalysts (x=2.5, 5 and 7.5 wt%) at stepénhite columns — at
500°C during light-off curve), B (grey columns teaf 1h at 500°C) and C (squared columns - afteratZ00°C). The black
columns refer to the NCey/SBA-15, samples (after 12h at 500°C)
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Figure 9: Comparison of the conversions of £#\,A") and CG (B,B’) at 600°C on Ni/SBA-15 catalysts without
(A,B) and with Ce (A',B’): this study (black columsnsamples with 5 wt% Ni) and bibliographic dateeggcolumns,
catalysts with Ni contents between 10 and 12 wtd®amples containing zirconia
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Figure 10: X-ray diffractograms of spent (a) NiSBA-15;, (b) Ni, sCe/SBA-15;, and (c) N} sCe;/SBA-15,
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Figure 11: TEM micrographs of the spent catalysts after mgatit 800°C and 12h at 500°C under reactant$: Ni
dispersed in SBA-15 grains in (a,b)sMiBA-15;, and (c) Nj<Ce/SBA-15 (d) high resolution image of a Ni
nanoparticle and (e) carbon nanotube grown betwleesupport and a nickel nanoparticle




Highlights

- High Ni dispersion was obtained in the pores of SBA-15 by a two solvent deposition
method.

- Stabilization of the metal nanoparticles along the channels, in a confined environment,
inhibits nickel sintering and coke formation.

- The obtained Ni/SBA-15 are highly active and selective in dry reforming of methane,
with almost 100% CH4 and CO2 conversion at 600°C.



