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A nanocasting strategy to Ru-ordered mesoporous carbon with uniform ruthenium dispersion is
demonstrated using a B-cyclodextrin host-guest complex and RuCls.
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DOI: 10.1039/x0xx00000x We report a novel concept to prepare a highly eedemesoporous carbon with a uniform

dispersion of ruthenium nanoparticles of 1-2 nmesiange by a nano-templating method,
based on the combined utilization of facyclodextrin host-guest complex and ruthenium,
trichloride as respective sources of carbon andaméthe composite material synthesizec
(RuU@MCA-2) through the polymerization and carboti@a of these metallo-supramolecular
assemblies possesses high surface area and highvparme after the removal of the silica
template and exhibit high catalytic activity in thegdrogenation of unsaturated fatty acid
methyl esters. The reusability of this nanorepkcatatalyst is also demonstrated.

www.rsc.org/

I ntroduction The templating approach based on the use of sotittisnoffers
opportunities for developing novel ordered nanastmes containing
Since the first synthesis of ordered mesoporousocer by a hard- metal nanoparticles with a high degree of size rebntind
templating approach in 1999, these materials hétvacted a great dispersion” In this context, supramolecular organic templates
deal of attention in a number of high-potential laggtions including involving the cooperative assembly of moleculés non-covalent
adsorption, sensing, separationetéthnology and catalysis. Theirinteractions can be regarded as promising candidéte the
uses are usually related to their attractive prigeersuch as high fabrication of tailored metal-incorporated mesopsrocarbons.
surface area, large pore volume, well-tailored psire, chemical Thus, B-cyclodextrins (cyclic oligosaccharides constitutefdseven
inertness and electrical conducting propéftyrrom a practical D-glucopyranose units) are a class of naturallyuaieg receptors,
viewpoint, it is generally accepted that the fipedperties of ordered finding applications in a number of different fisldincluding
mesoporous carbons can be controlled in terms odsity and analytical chemistry, sensing enantiomeric sepamatiemediation
hydrophobic/hydrophilic  balances, by tuning the tueal and catalysid®*® Till date, the contribution of cyclodextrins ihet

characteristics of silica templates and selectipgrapriate carbon
sources. For this purpose, researchers have dedelmptocols by
exploiting various carbon sources ranging fromtadijc to aromatic
compounds, such as sucrose, furfuryl alcohol, gighane,
anthracene or dihydroxynaphthaléffe.

Additionally, for the design of robust and highieiincy metal
supported carbon catalysts, it is important noy émlcontrol the size
and shape of the nanoparticles, but also takeaatount the metal-

elaboration of nanostructured materials and cagfg* has been
little explored and surprisingly, the possibility vsing host-guest
complexes with cyclodextrins for the synthesis dfuctured
mesoporous carbons has not yet been investigatads, Tthe
pioneering works of Antonietti have shown that wdike
nanoporous silica replicas could be prepared byngus’
cyclodextrind® and cyclodextrin-based polypseudorotaxahess
porogen agents by means of a one-pot sol gel pocawe sizes

support interaction$? The preparation of well-dispersed metalli¢lose to those of the diameters of cyclodextring-gL nm) were

nanoparticles on carbons has been described tgrefitf techniques,
such as ion-exchange or impregnation and the né&aigsts

generally show higher catalytic activities than shoobtained on
conventional supported systeM3® However, it is generally
assumed that the most important drawback of metabparticles is
their tendency to aggregate, especially at highahoaintents.

This journal is © The Royal Society of Chemistry 2014

obtained in the final silica materials. Concernirsgbon materials,
Han et al. described the synthesis of porous carbplicas using a
sol-gel nanocasting procedure involving the co-emsation of
methylated B-CD with tetramethylorthosilicate followed by
carbonization and silica remov&l.However, the carbon material
resulted in a disordered microporous material withore diameter
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of ca. 1.6 nm. More recently, the fabrication ofsmgorous carbons MeadWestvaco Corporation, Covington, USA. It wasdoced

derived from cyclodextrins with a narrower poreesiistribution
from 3.2 to 4.2 nm was reported by adding a suafacfTritor®TX-
15) to the silicon alkoxide souré.

In this paper, we introduce a novel concept to grepuniformly
dispersed metal nanoparticles embedded in the waifls of an
ordered mesoporous carbon by a nanocasting prazédsged on the
original use of a cyclodextrin host-guest complend e&a water-
soluble metal salt as respective sources of cagmmhmetal. Our
idea is to take advantage of the unique topologfesyclodextrin
(rigid cyclic structure, large number of hydroxylogps and ability
to form inclusion complexes with molecules of apprate size and
shape) to ensure good dispersion of the metal ecwvithin the
cyclodextrin-based environment in the first stepsghthesis, i.e.
during the pore filling, and subsequently faciktahe formation of
isolated nucleation sites and growth of size-cdletometal clusters

from wood and activated with phosphoric acid. NBSA-2
denoted (AC-NorA) was produced by Norit (Amersfoort
Netherlands) from peat and steam activated. Aléotkeactants
were purchased from Aldrich Chemicals and Acrosadics in
their highest purity and used without further pigation.

Synthesis of SBA-15

The starting SBA-15 was prepared according to aqufore
reported in the literatur®. Briefly, 4 g of P123 was dispersed
in 30 g of water by stirring for 3 h. Then, 120 igao2 M HCI
solution was added to the mixture followed by 2tiring 40
°C and subsequently, 9.0 g of tetraethyl orthastiécwas then
added to the homogeneous solution. The mixture thas
stirred at 40 °C for 24 h and the resulting gel emgent
hydrothermal treatment by heating in an oven at ®@dor 48

during the thermal structuring of the carbon phd$e strategy has h. The obtained white precipitate was filterededrat 100 °C
been examined through the nanoreplication of SBAwuking and calcined in a muffle furnace at 550 °C under lai these
randomly methylate@-cyclodextrin/1-adamantane carboxylic acigexperimental conditions, the as-prepared silica &@a®re size
(RAMEB/ADAC) as the host-guest system and rutheniumf ca 8.0 nm and a pore wall thickness of 2.9 nhe pore wall
trichloride (RuC}) as the metal precursor. 1-adamantane carboxyliickness was calculated according the formujgwa/1.050),
acid has been selected for its ability to form ltabost guest reported by Kruk et al., where wd is the BJH pdgerteter’®
complexes with-CDs. Indeed, the adamantyl group is a highl
symmetrical stable structure, which perfectly fitside the cavity of
B-CDs, forming 1:1 inclusion complexes with high agation
constants (typically in the range of100° M).%28|n addition, the The ruthenium carbon replica has been prepared) wsimolar
presence of the carboxylic acid functionality ie tjuest molecule is composition RAMEB:ADAC:Ru of 5:3:1. The detailea
also used to interact favorably with metals. Themrefit is expected procedure is as follows: 16 mg of R4@nd 18 mg of ADAC
that this host-guest concept will facilitate thelaoring of the metal were added in 4 ml of water and stirred for 3 hraatm tem-
ion to the cyclodextrin\fa the carboxylic group attached to theperature. Then 0.6 g of RAMEB was added to the iptey
adamantane skeleton, itself included in the cyoltrite cavity) in  mixture and the stirring was continued for furth2r h.
the first steps of the synthesis and will lead goad distribution of Thereafter, 70 mg of }$0, was added and stirred for
the metal species in the final carbon replica. fhis purpose, we minutes, and the resulting mixture was infiltratetb 0.5 g of
will report that, under well-defined conditions,ethutilization of SBA-15. Subsequently, the mixture underwent polynagion
RAMEB/ADAC host-guest assemblies and RyGillows the at 60 °C for 24 h. The solid obtained was crusimd powder
synthesis of P®m ordered mesoporous carbon with uniformlyising mortar and subjected to infiltration againlwl0 mg of
dispersed ruthenium nanoparticles. Furthermoreerixgnts in the RuCk, 12 mg of ADAC, 0.4 g of RAMEB and 46 mg ot$0,
hydrogenation of vegetable oils (methyl oleate) d@dmonstrate the under the same conditions to fill the pores congyetAfter
potential of this material in the field of heterogeus catalysis. polymerization, the silica-ruthenium-carbon compmsivas
pyrolyzed at 900 °C for 5 h under a nitrogen flovi60 ml

%reparation of ordered mesoporous ruthenium-car bon material
from host guest complex and RuCls.

C

Experimental min (heating rate of 3 °C mif). The resulting material was
treated with 35% HF to eliminate the silica, fikdrby washing
Chemicals with excess amount of water and ethanol and drietDa °C.

Tetraethylorthosilicate (TEOS), poly(ethylene gljenlock- The as-synthesized material is designated as RU@RICA

poly(propylene gchoI)-block-poly(etr_\ylene glycol(P123; Preparation of control carbon materialsfrom RAMEB and
(EO,PO,EO,; average molecular weight, 5800), hydrochlon&AM EB-ADAC

acid (HCI, 37 wt. %) and sulfuric acid were purashdrom

Aldrich. Randomly methylate@-cyclodextrin (RAMEB) with A ruthenium-free control sample, denoted as MCAa3 been
an average substitution of 1.8 methyl groups pelodextrin Prepared in a similar manner as that previouslyciiesd,
were purchased from Wacker Chemie. Ruthenium aldoriexcept that no ruthenium salt was introduced durthg
hydrate (40-43% of Ru) was purchased from Acrosafics procedure. The synthesis of the MCA-3 carbon veased out
whereas 1-adamantane carboxylic was supplied byrichid by using a mixture of RAMEB to ADAC with a ratio 6t3 as
Chemicals. Two different activated carbons usedcastrol follows: 16 mg of ADAC and 0.6 g of RAMEB were adde
support catalysts were selected from commercialgilable together in 4 ml of water and stirred for 2 h atomo

samples. Nuchar®WV-B (denoted AC-WV) was suppligd demperature. After addition of 70 mg of,$0;, the resulting
solution was infiltrated into 0.5 g of SBA-15. Selsently, the

2 | J. Mater. Chem. A, 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014
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mixture underwent polymerization at 60 °C for 24The solid stainless steel autoclave was charged with 25 mgadfon-

is then subjected to infiltration and polymerizatiagain with ruthenium catalyst. 587 mg of methyl oleate (2.0mah 300

11 mg of ADAC, 0.4 g of RAMEB and 46 mg oL80, under equivalents per mol of Ru) was added into the datecand
the same conditions as those previously describBte hydrogen was introduced at a constant pressurkthatdesired
carbonization was carried out at 900 °C for 5 harmitrogen value is reached (1 to 3 MPa). The mixture wasdtetd 30 °C
flow and the subsequent silica removal was perforiog HF and stirred at 1250 rpm. The reaction was monitdredhe
etching. volume of consumed Hand by analysing aliquots of the
In addition, another ruthenium-free sample has b@mepared reaction mixture using a Shimadzu GC-17A ga.
by replacing the mixture of RAMEB and ADAC withchromatograph, equipped with a methyl silicone Ity
cyclodextrin alone. The synthesis principle waseblaggain on column (30 m x 0.32 mm) and a flame ionization dete

a two consecutive infiltration procedure with 0:6daD.4 g of Each catalytic run was performed in duplicate dmreported
RAMEB, respectively followed by thermo-polymerizaii at results are the average between the two runs.

60°C. The carbonization was carried out at 900tGfh under Reusability. For the recycling procedure, after complete
nitrogen flow and the subsequent silica removal performed conversion of methyl oleate, the catalyst was reoed by
by HF etching. The synthesized carbon material gmemgh from filtration and thoroughly washed with heptane arethy! ether
RAMERB is designated as MCA-4. until complete elimination of the reaction produdfter
removal of the remaining diethyl ether under vacuthe solid
was reduced under,Hit 300°C reloaded with methyl oleate anc
Small-Angle X-ray Scattering (GISAXS-Rigaku S-maf08 dihydrogen and reused in hydrogenation as descebede.
equipped with a microfocus souréde= 0.154 nm and a 2D

Gabriel type detector place at 1472 mm from thepayrwere Results and discussion

used to assess the synthesized material struckhee powder
was loaded into a 2 mm in diameter perforation made 2
mm thick aluminum plate, before being aligned itite beam.

The analysis was performed into vacuum. Thg, dpacin
4 P heo p. g filling of the silica pores with a host-guest sabat formed
values were calculated by the formulgod=217/q and unit cell ) .
. . between the methylated cyclodextrin and rutheniuv
constants by @&2d;o/V3. Transmission electron microscopy o . .
. adamantane followed by a polymerization step witkfusic
(TEM) images were recorded on a TECNAI electron . i ) .
. . . acid at 60°C. The resultant product is carbonize2Da°C in an
microscope operating at an accelerating voltag206fkV. The | . .
. inert atmosphere and finally treated by HF to reenthe silica
mesoporous carbon was deposited on a carbon coafgzkr hard-t lat
grid. The carbon nanorod thickness was estimated) u3igital arg-template.

Micrograph Software. Nitrogen adsorption isothermere

Characterization methods

Scheme 1 depicts the synthesis of the rutheniutmoaoareplica,
RU@MCA-2, prepared from a host-guest assembly getiatal
carrier and carbon source. The synthesis procaduodves the

measured at -196 °C on a Nova 2200 apparatus fr SBA-15 Hgg}fgng

Quantachrom Corporation, after having degasseds#mple y . Pore

under vacuum at 250 °C. The specific areas wereulzaéd R % infiltration N

from the Brunauer—Emmett— Teller (BET) equatiomgsiP/R H,S0, / H,0

values in the 25102 and 2.&10! range and the pore size RAMEB + ADAC

distributions were obtained from the adsorptionnbhaof the +RuCl, Carbonization

isotherm assuming that the pores are cylindricahqughe (Nz) 900°C
Barrett-Joyner-Halenda (BJH) method. The total pamkimes l Washing HF

were estimated at PR 0.98 assuming that all the pores wet ¢ Ge

filled with condensed nitrogen in the normal ligwsthte. The & Ethanol
micropore volume is determined by the t-plot methdte /

percentage of micropore volume in the synthesizaterials is Ru@MCA-2

calculated as (Micropore volume/Total pore voluri€)0. Scheme 1 Schematic illustration of the synthesis of Ru@M@Aby hard
Raman analyses were carried out at room temperatithea templating from host/guest complexes

Dilor XY-800 confocal micro-Raman spectrometer dedp

with a microscope. The spectrum was recorded ink bathe structure and crystallinity of the RU@MCA-2 evél has
scattering geometry, using the 514.5 nm line ofAaiKr laser been elucidated by the analysis of the SAXS pattednich
focused on the sample using a 50 magnificationt(ep@ Am; shows an intense low-angle diffraction peak and tweak
power of 20 mW). The Raman cartography was perfdrmpeaks, assigned to the (100), (110) and (200)atidles of a
using 625 spectra (3@0 um) at a resolution of um?, 2D-hexagonal R&m structure, respectively (Figure 1). These
features are indicative of the fact that the ruihencarbon
replica preserves an ordered structure by retainihg
General procedure. The hydrogenation of methyl oleate hagexagonal symmetry of the SBA-15 silica templatés orthy
been chosen as model reaction and performed asvkllthe

Hydrogenation catalytic tests

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. A, 2014, 00, 1-3 | 3
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to note that the SAXS patterns obtained from th&rob carbon Table 1 Structural and textural properties of the mesopearbons
materials, i.e. MCA-3 (RAMEB + ADAC) and MCA-4 prepared from RAMEB and starting silica hard- temtp!

(RAMEB) exhibit similar reflection planes, corrolading again Ve (g
that the carbons are negative replicas of the SBAvithout sample dio & Seet . %' D
any marginal structural disorder. These results cmesistent amy (P (MY Vieso  Viirg (nmyf
with the stabilization of a CMK-3 type mesoporousrbmn SBA-15 9.3 10.8 771 1.016 0.005 0.49 7€
whose structure is composed of carbon nanorodsgethin a Ru@MCA-2 8.2 95 945 0.899 0.041 4.36 3.6
hexagonal pattern rigidly interconnected therebenfie MCA-3 8.3 9.6 959 1.006 0034 3.37 42

MCA-4 8.2 9.5 945 1103 0.027 2.37 4.2

(100)

2 d-spacing calculated on the basis of the followfognulas A=2d0siNG
and dgo =217q. ® unit cell constant calculated by the equatign2ehod/\3.°
specific surface area calculated from the Brun&iremet-Teller equation in
the P/B range of 0.025-0.2bdetermined at P§= 0.98° total pore volume
estimated at P{P= 0.98.° micropore volume determined by the t-plot
method. percentage of micropore calculated as the ratiniofopore volume

to total pore volumel00.9 calculated by the Barrett-Joyner-Halenda method
from the adsorption branch of the isotherm assuroytigdrical.

a J (110) (200)

10 12 14 16 18

Intensity (a.u.)

As can be seen from the Figure 2, theadsorption-desorption
isotherms for all samples are characteristic ofypetIV
isotherm of mesoporous materials with a hysterdeim
. . . ) ) ) ) ) featuring the capillary condensation at intermesdid®/PO
04 06 08 10 12 14 16 18 20 22 pressures: ~0.55-0.85 for SBA-1%s ~0.4-0.85 for the
ay (nm-l) synthesized carbon materials. It is apparent, ftloenpore size
Figure 1 SAXS pattern of the synthesized materials: (a) SEA (b) Ru@MCA- distributions (PSD) that only one type of poresttie carbon
2, (c) MCA-3 and (d) MCA-4. replicas is distinguished, i.e. the pores formedrémyoval of
the silica wall and confined between the hexaggnpicked
The unit cell parameters for the synthesized sitind carbon carbon rods. This confirms that the resulting casbderived
materials calculated from theqgd spacing values are providedrom RAMEB are inverse replicas of the silica framoek by
in Table 1. It can be observed that the unit celistants are maintaining a high degree of pore-size uniformitythw in
very similar for the three carbon materials withadue of 9.5- addition, a high surface area and pore volume @apl Thus,
9.6 nm, indicating that the polymerization of RAME#®Bth or it can be noted that the textural features of MCARAMEB +
without adamantyl guests trapped inside the caweftghe B- ADAC) are almost the same as those of MCA-4 (RAMEB)
cyclodextrin does not result in any appreciablengeain the terms of specific surface area (-~ 940-960 git), total pore
ordered structure of the carbon replicas after argidation and volume (~ 1.0-1.1 cthg?) and pore diameter (4.2 nm). It is
silica removal. Thus, the use of free and complexeemarkable that the overall contribution of microgmis quite
cyclodextrins as carbon sources is expected totkeaelatively low in all these materials (< 5%). This result abbk related to
well-ordered structures of carbon nanorods becatise the fact that RAMEB is an oligosaccharide with katigely low
cyclodextrins molecules would easily form a condehsoxygen-to-carbon ratio of 0.6 (molecular formulagishssOss)
structure during the gelation step due to theilitsttio pack in and that its conversion into carbon by polymeromatiand
head-to-head arrangements (channel structtifE)ese results carbonization at 900°C does not develop large ansowf
suggest that the cyclodextrins get polymerized bgs@rving micropores within the carbon nanorods. Indeeds igenerally
the guest molecules inside the cavities, which ker accepted that CMK-3 type materials produced frone th
carbonized at higher temperatures. Interestinglg,drocess of common precursor sucrose (O/C = 0.9)1 lead to dhnedtion
carbon formation involving the use of supramoleculaf additional micropores and disordered carbon osts;
assemblies can be successfully applied to the ofseetal- responsible for the increase in the specific sarfareas
carbon compositegia the use of a suitable metal precursor, 4s1300-1500 1 g*)."® Finally, the features obtained in thic
evidenced by the RU@MCA-2 sample synthesized biysmn work can be viewed as an indication that relativetgered
complexation of RAMEB and 1-adamantane carboxyticl an carbon structures can be directly obtained fromlodextrin
the presence of ruthenium trichloride. In additiargomparison inclusion complexes because the guest adamantatexules
of the unit cell parameters for the carbon replisiasws that tb  trapped in the host cavity of RAMEB would not sigrantly
values are 12 % lower than that for the SBA-15 tiabep which affect the process of carbon nanorod formation. elew, in
indicates a slight decrease in the volume of chlannighin the the case of RU@MCA-2, a little alteration in therqus
silica framework and structural shrinkage of thetenals after structure is encountered and this can be attributedhe
thermal treatment at 900%€. incorporation of ruthenium nanoparticles within tlarbon
matrix.

4 | J. Mater. Chem. A, 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014
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Figure 2. N, adsorption-desorption isotherms of the synthesimaterials and the
3 and (d) MCA-4.

In addition, we observe that the pore sizes of thebon
replicas are larger by approximately 0.5-0.9 nmmttieat of the
pore wall thickness of the starting SBA-15 (3.3 nrhe
deviation may be related to the aforementioned csiral
shrinkage during the carbonization process. Thecgiral
characterization of the synthesized carbon masegaépared
from host-guest assemblies has been further exployeTEM
analysis (Figure 3). Figures 3a and 3b show the TiBRges of
the MCA-3 sample (RAMEB + ADAC) viewed perpendiaul
and parallel to the carbon rods, respectively. Thues observe
that MCA-3 forms a periodic arrangement of intemected
filed carbon nanorods, with a parallel alignmergtvieen
mesoporous channels on a long range order, i.ee than 600
nm long (Figure 3a) and a honeycomb structure (Eigb).
This observation corroborates the fact that MCA&3 la 2D-
hexagonal structure similar to that in a CMK-3 stme

ir corresponding BJH pore sisg&rithutions: (a) SBA-15, (b) Ru@MCA-2, (c) MCA-

array of mesopores with a long range order. Theamescarbon
rod thickness is estimated to be ca. 6 nm (Figa)e Bhich is
somewhat smaller than that of the pore diametén®fSBA-15
silica template due to the shrinkage during thernta
treatment. In addition, it can be seen that, fas tomposite
material prepared by exploiting the complexatioteractions
of B-cyclodextrin and the adamantane derivative, ruthran
particles with an average size of ca. 1.5 nm arioumly
adispersed over the carbon nanorods. As shown iar&igh, the
histogram displays a narrow-size distribution, wittore than
95 % of the nanoparticles between 1 and 2 nm ie. d¥o
agglomeration of nanoparticles was observed. Itlmmafurther
noted that RU@MCA-2 has also been analyzed by aitge
XRD to support the absence of large aggregatekarsample
(Figure S1, Supporting Information). Thus, no refien peaks
of ruthenium in the form of metallic and/or oxidegse emerge

(Pémm). The structure and metal dispersion of the Ru@MCAfrom the XRD pattern, further indicating that rutihem forms

sample was also verified by TEM measurements (Eg3c to
3Qg). Like MCA-3, the RU@MCA-2 sample exhibits a fonin

This journal is © The Royal Society of Chemistry 2014

very small particles within the carbon matrix, whicannot be
detected by wide angle XRD analy3ts?

J. Mater. Chem. A, 2014, 00, 1-3 | 5
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Figure 4 (a) Raman spectrum of the Ru@MCA-2 sample; b) Rao@tography
calculated from the intensity ratio of IG to IDE§95 and 1310 cm-1, respectively
(625 pixels).

The formation of some graphitic domains within tb&rbon
networks prepared from cyclodextrins and inclusiomplexes
is evidenced by the presence of the narrow bantbasicto the
stretching vibration modes of C=C bonds of typigahphite
layers at 1590 cth The other band at 1300 &nis associated
with the vibration of carbon atoms in plane terntioas of
disordered graphite. They/lp ratio of RU@MCA-2, MCA-3
Figure 3 TEM images of the carbon materials prepared froyaladextrin and MCA-4 is calculated to be 0.83, 0.84 and Or83pectively
inclusion complexes at different magnificationsa) (MCA-3 at 100 nm; (b) and these values indicate the relatively good dgtaphature of
MCA-3 at 20 nm; (c) and (d) RU@MCA-2 at 100 nm;, (), (9) RU@MCA-2 at  the carbon framework compared to other commeraebans
igta?r':; daf?gm(metr:ZaZ?J:reeniZ?\?ilfnga.pzacggcglz\rtistl:lzss wiston of RUGMCA2 4 tivated carbon, carbon black) and synthesizedered
mesoporous carbon materials, such as CMR-§MT-13*

5 6 . .
Taken together, these results suggest that théesiststrategy CMK-3-MPc* and OMCs-SGW? A two-dimensional Raman

: 2
presented in this study enables to distribute hamegusly the cartography (3840 pm) at a resolution of uim" was further
ruthenium ions within the cyclodextrin-adamantarstwork performed to establish the spatial distributiorthef two bands

(itself confined to the pores of the silica temg)aand maintain i:)y calculating the ratio of the peak heights 0fa$91310 cm =
fThe result of the mapping recorded on RU@MCA-2 is

the ruthenium dispersion in the subsequent steps of X vEER ;
polymerization, carbonization and HF etching. Imliéidn, it is °utlined on Figure 4b and allows highlighting thenfogeneity
worth noting that the ruthenium content has bedardgned in ©f this sample on a larger scale than that ussligied with

two different batches of RU@MCA-2 samples by elemlenthe standard Raman microscope measurement. Thus, we
analysis (SCA, CNRS) and the metal loading was 20703 observe that thesll; ratio is mostly in the range of 0.75 to 0.90
Wt. %. Interestingly, this value is relatively ofo#o that which @nd that ca. 3 % of the pixels are less than orletp the

would be expected by considering the complete foammtion threshold value of 0.6. . o
of both organic precursors into carbon without lobsnetal (~ To illustrate the interest of the strategy of swsilk, the activity

2.1 wt. %). These results are further evidencehefefficiency ©f RU@MCA-2 was investigated in the hydrogenatioh ¢
of the synthesis method that allows easy controthef metal Methyl oleate, chosen as a model molecule of uresedi fatty

loading and size of the metallic nanoparticles e final acid methyl esters (Table 2). Hydrogenation ofyfatils and
structure. fatty acid methyl esters is one of the most imp@rf@mocesses

The synthesized mesoporous carbon materials wese ép edible oil and oleochemical industries in ordermake the
investigated by Raman spectroscopy to study theaphtic products more resistant against air autoxidatiomermal
character (Figure 4a and Figure S2, Supportingrinétion). decomposmon, and other reactlons. that affect flawor.
All Raman spectra reveal a set of two bands at £8iD1590 Catalytic tests have been performed in heptaneDat 2inder
cml, assigned to defects or (D band) and graphitioctires various pressures of,Hanging from 1 to 3 MPa and with a
(G band) in carbon materials, respectively. ratio of substrate to ruthenium of 300. The reactknetic is

©0,,=1.52.+ 0.40 nm

B 2 = Diameter (nm)

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. A, 2014, 00, 1-3 | 6
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monitored by gas chromatography (procedure in tilee bulky hydrophobic substrate, i.e. methyl okstahto the
experimental section). porous network of the catalyst prepared by hard-
For comparison, the results obtained with two aintrtemplating®3”3® In contrast, the extremely low activity
ruthenium carbon-supported catalysts containing #ane obtained Ru/AC-NorA, can be related to the predamin
metal loading than that of RU@MCA-2 (2.7 wt. % Fhgve microporous structure of the activated carbon thavides
been added. Briefly, these control materials waepared by steric hindrance to the long-chain fatty acid metegter
wet impregnation of RuGlfollowed by calcination under air atmolecules and prevents their accessibility ontoamattive
250°C and reduction at 300°C under (20 vol. % in N). Two sites. Finally, the reusability of RU@MCA-2 has hewaluated
commercial activated carbons were selected to stupib@ on methyl oletate at 3 MPaytdnd 30°C (Figure 5). We observe
ruthenium active phase, i.e., AC-WV (169¢ g1) and AC- that the RU@MCA-2 catalyst is stable and reusabigeu the
NorA (1207 nfgl). The corresponding textural parameters amdaction conditions, preserving its activity afterconsecutive
surface titration are given in Table S1 (Supportingins.
Information). Compared to AC-NorA, it is shown theaE-wWV
exhibits a higher surface area (16801207 nt g*), a larger
average pore size (3 2.4 nm) and a lower percentage ¢
microporosity (41vs 60 %).
The results presented in Table 2 reveal that th&ityc of
Ru@MCA-2 is highly dependent on the pressure ¢f tHe
higher the pressure, the higher the activity. Thhs, highest
turnover frequency of the RU@MCA-2 catalyst for th 25
hydrogenation of methyl oleate reaches ca. 400ah 3 MPa
and notably this value is 4 times higher than thiatontrol Run 1 Run 2 Run 3 Run 4
Ru/AC-WV. As the conversion of methyl oleate wagliggble
in the presence of Ru/AC-NorA after 3 hours reagtiwe do
not extend the time to complete the reaction. Filo@se results, Figure 5 Reusability of the catalytic system in the hydnoggon of methyl
it can be assumed that the Ru@MCA-2 catalyst pegphy the oleate. Reaction conditions: Catalyst Ru@MCA-2 (\217% Ru); Methyl oleate
. . /Ru (mol/mol), 300; Heptane, 10 g;,H3 MPa; Stirring rate, 1250 rpm;
cyclodextrin approach has more exposed metallidasar Temperature, 30°C.
thanks to a high dispersion of small Ru nanopasickhereas
the carbon-supported ruthenium catalysts prepangdwbt )
impregnation can more easily undergo aggregatiaingithe Conclusions
thermal treatments and reaction course.

100

75

50

Conversion (%)

mt=0.75h ut=1h.

In conclusion, we have described a one-pot mettoydttie
Table 2 Catalytic performances of methyl oleate hydrogematiatalyzed by Préparation of a R6m ordered mesoporous carbon having

Ru catalysts uniform ruthenium nanoparticles ranging from 1 tard. The
specificity of the method was based on the abiftynethylated
RU@MCA-2 B-cyclodextrin to act as both a polymerizable carbource and
mo\ H,- 30°C - CCCi/\(O\ a host molecule for favoring the inclusion of abmatylic acid
o e}

Heptane derivative and the dispersion of the ruthenium prear during

the pore filling and gelation steps. The ruthenidispersion

Sample MHF2>a Ct;m\;- Tri1mbe 'L?FC could be maintained without any sign of aggregaafter the
(MPa) (%) W) () thermal structuring of the carbon phase at 900°@ silica

RU@MCA-2 1 5 _ . removal. Finally, the nanocasting strategy invalvihe direct
RUGMCA2 5 15 18 16.7 use of host-guest complexes cogld Cf)ntrlbute t(v.lp_ma new
generation of robust catalysts with high metal disjpns and

RU@MCA-2 8 [ 1 400 stability while ensuring the stabilization of orddrmesoporous

Ru/AC-WV 3 20 3 100 carbons of high specific surface areas and ponenves. These
RU/AC-NorA 3 44 - - features are known to be key factors to ensuresadubty to

the active sites and efficient mass transportseitediogeneous

. 0 ) ) _
a Conversion after 0.5 A.100 % conversiorf. Turnover frequency defined catalytic processes.

as the number of mol of substrate per mol of ruitimarper h.® Conversion
after 3 h. Reaction conditions: Catalyst (2.7 wt. Ru), 25 mg; Ru, 6.9
pmol; Methyl oleate, 2.08 mmol; Substrate/Ru (molym300; Heptane, 10 Acknowledgements
g; Hy, 1- 3 MPa; Stirring rate, 1250 rpm; Temperatuf®G3
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T CMK-3 was prepared from sucrose (molecular foem@l,H,,0.1) by a
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consecutive infiltration procedure, involving ahermo-
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out at 900°C for 5 h under nitrogen flow and thkcairemoval was
performed by HF etching [6].

Electronic Supplementary Information (ESI) avaiajWide angle XRD
pattern of RU@MCA-2 sample (Figure S1). Raman speaftthe carbon
materials obtained from host guest complexes (RAMEBAC) and
cyclodextrins (RAMEB) (Figure S2). Main charactéds of the activated
carbons used as supports for the preparation byegngtion of the
control Ru/C catalysts (Table S1)]. See DOI: 109¥BB00000x/
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