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The hability to produce catalytic nanoparticlestméontrolled properties is key to develop
and produce heterogeneous catalysts with optimeetd/ity and selectivity. Not less
important is to maximize the nanoparticle dispersi@er high area supports maintaining
their optimized properties. Here we detail a genpracedure to produce heterogeneous
catalysts containing a large surface area mesop@ujgport and highly dispersed catalytic
nanoparticles with controlled properties. We exefyppthe developed method using
colloidal gold nanocrystals as the catalyticallytivax phase and titanium oxide as the
paradigmatic support. Our synthetic strategy isetbagn the formation of an inorganic-
organic hybrid mesoporous material from the surfatehe colloidal nanocrystals. A
variety of organic spacers allows tuning the fiparosity of the support. The good
accessibility of the active catalytic sites in thamaterials is demonstrated by high CO
oxidation conversion values.

45 polymerization of organosilica units anchored a durface of
Introduction colloidal metal nanoparticles.
In the present study, we generalize this synthmticedure to the
preparation of dispersed and accessible metal raticps
embedded within transition metal mesoporous matricaving
so controlled porosity. We exemplify the method usicgiloidal
gold nanocrystals as the active catalytic phasetitandum oxide
as the model support. Aromatic carboxylates dezvavere used
as physical spacers between titanium centers in initeal
inorganic-organic hybrid framework®*2. We demonstrate the
ss accessibility of the catalytic nanoparticles emtetidn TiO,
mesoporous matrices by measuring the CO oxidatiotowat
temperature and analyzing the coordination sitesmigans of
DRIFT spectroscopy.

When preparing heterogeneous catalysts formed byalme
nanoparticles dispersed on high area oxide suppamtsaims to
maximize the nanoparticle dispersion and its magivea and
selective facets, to optimize its size, and in seages to enhance
the interaction strength between the metal nanigparand the
oxide support. A first step towards maximizing #etive phase
dispersion is the use of mesoporous supports aitlel surface
areas. The challenge arrives when attempting tpedie the
active catalytic phase in such highly porous stmed.
Conventional impregnation methods hardly allow taetdull
advantage of the enormous surface areas of mesgpsupports.
Moreover, impregnation methods do not provide téeel of
control over the nanoparticle properties requigedytimize their
catalytic performance. A solution towards optimiin
nanoparticle properties can be found in colloigaltisesis routes, Preparation of gold nanoparticles: Gold nanoparticles were
which have been demonstrated successful in preparinprepared following the procedure reported by Budrani
nanoparticles with a high level of control overesigeometry,  Cormal®” In a typical synthesis, 0.2 ml,8, 23 ml isooctane
phase, and compositiéh?! However, the dispersion of these and 1 g sodium bis(2-ethylhexyl)sulfosuccinate (AOWere
nanoparticles over oxide supports, especially theith large s stirred for 20 min. Then, 1.2 ml of a 0.1 M HAuUGiqueous
surface areas and small pores is an extremelyectuatlg task. solution was added to the emulsion. After 15 ntirrisg, a
Recently, a new synthetic strategy to produce mesoigosilica mixture of 55.7 ul 1-dodecanethiol (DT) and 3.4 ul
matrices with embedded but accessible gold narofearthas  mercaptopropyltrimethoxysilane (MPMS) was addederThl00
been reportett:®? This strategy involves the formation of three- pl of hydrazine was injected to reduce the goldimno metallic
component metal-organic-inorganic structures by meeaf the . gold nanocrystals. After 3 hours of stirring, tldusion was left
to rest overnight. The precipitate was separateth fthe clear
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solution by decantation. Nanoparticles were fieresing a  (BET) method. The BET specific surface area was nbthfrom
Whataman nylon membrane 0.46, washed with toluene, and the analysis of the adsorption at P/P0=0.999.
finally re-dispersed using an ultrasonic bath. Thermogravimetric analyses (TGA) were performed the
Preparation of gold-titania mesoporous  structures, temperature range 30-80Q at a heating rate of £2&/min under

s Au@TiO,: 40 ml of a solution containing Au nanopatrticles iro air using a Perkin Elmer TGA4000.
ethanol (3-18 M) prepared following the previous procedure, Metal contents were determined using optical emissi
were added to a solution containing 6.9 ml of titam (V) spectroscopy by means of inductively coupled plag@R) on a
ethoxide and 1 ml of 0. After stirring during 30 minutes at Perkin EImer Optima 3200 RL system.
room temperature, the solution became a gel thawlgl Elemental analyses were performed using an elemerdanic

10 converted into a white powder. The obtained powaas dried e analyzer Thermo EA 1108&yorking under 120 mil/min helium
overnight at 100C in a vacuum oven and afterward calcined in flow, the combustion furnace at 100CQ, the chromatografic
air at 450°C for 4 hours to remove the remaining organic column oven at 6(C, and 10 ml oxygen loop at 100 kPa.
molecules. Transmission electron microscopy (TEM) micrographere
Preparation of gold-spacer-titania mesoporous structures, obtained using a JEOL JEM-2100.

15 Au@TiO, (x): 11 ml of a toluene solution containing Auw FT-IR spectra were recorded on a Bruker IR ALPHA i ithnge
nanoparticles (0.01 Mprepared following the above procedure 4000—400 crh
were added to a solution containid@ ml titanium (V) ethoxide
and 47 ul of HO. This mixture was then added to 100 ml of a Table 1. Nomenclature of the gold-spacer-titania mesoporous
diethylformamide solution containing the appromiaimount of  structures prepared.

20 the selected carboxylic acid (molar ratio Ti(Qitarboxylic s

acid = 1.35). The concentration of the organic spa@s selected Sample name Carboxylate C;rrtf,%tleraée
taking into account the results obtained in a mnasiwork!” 9

The final solution was vigorously stirred and hdate 120°C AU@TIO (8) Terephtalic acid HO oH
under Ar for 12 h. The gel-like precipitate obtalneas filtered X

2s and washed with toluene. The precipitate was drieal vacuum so o
. 2’6.
oven for 48 h at 168C. Temperature was afterward raised to 180 AUGTIO, (1) Naphthalenedicarboxyic , oH
[¢]

°C and maintained there for 6 Whe obtained powder was acid
calcined in air at 456C for 4 h to remove organic molecul&d.
Scheme 1 represents the synthesis method. Tabktallsdthe 04,0H
30 carboxylic acid used and the nomenclature of thie-gpacer- ss i ®
T . 1,3,5-Tris(4-
titania mesoporous structure prepared. AU@TIO; (B)  ¢arhoxyphenylbenzene <
Ho, L L om

e}

é (e}

0,0

S8 2 TiOEY,, H,O,
St carboxylate acid , | T

s —_— = e T
a ~Sungi- /
© @O %o

DMF

Catalytic activity:

90 Catalytic tests were carried out in a MicroactiviRgference unit
(PID Eng&TECH) in the temperature range 25-2%D under

: atmospheric pressure. 100 mg of catalyst was maitidinactive

o) @ ® - SiC (Prolabo, 0.21 mm) and placed in a tubular fiked reactor

Scheme 1. Synthesis procedure. 1) gold nanoparticles staguili (305 mm long, 9 mm i.d., 316-L stainless steellaa catalytic

40 with 1-dodecanethiol (DT) and mercaptopropyltrineetysilane o volume of 0.5 ml. The temperature was measured by a
(MPMS); 2) hybrid organic-inorganic network contaig the thermocouple in direct contact with the catalytedbA mixture
gold nanoparticles and using 1,3,5-Tris(4-carbogypt)benzene  of 8.1 % CO, air (CO/@© molar ratio = 2, N was used as a

as the physical spacer; 3) final mesoporous matieg@ TiO,. internal standard) and balanced with He, was feeithe reactor.
A gas hourly space velocity (GHSV = volumetric inlgas
4s Materials characterization: 100 flow/catalyst volume bed) of 6700 hwas used. The products

Crystallographic phases were characterized usingdpow-ray were analysed on-line with a Varian 450-GC gas chtograph
diffraction (XRD). XRD patterns were obtained on ailgsr D8 equipped with a methanizer and TCD and FID detectors
automated diffractometer, equipped with a primary Catalytic tests, related with the water gas shifiG8Y reaction,
monochromator and LynxEye detector and using Cu K were carried out in the same equipment in the teatpe range

so radiation. The instrument resolution was 0°0® 26, the studied 105 250-450°C under atmospheric pressure. 100 mg of catalyst was
range was from 4-80and the acquisition time for each sample mixed with inactive SiC (Prolabo, 0.21 mm) and pthde a
was set to 1 h 20 min. tubular fixed-bed reactor (305 mm long, 9 mm i.d@16-L
The specific surface area of the materials wasrchated by N stainless steel) up to a catalytic volume of 0.5. rhhe
adsorption at 77 K using a Tristar 1l 3020 Microities system.  temperature was measured by a thermocouple intdimtact

ss Specific areas were calculated using the Brunauam&-Teller 10 with the catalytic bed. A mixture of 7.5 % CO, vag@O/H,0
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molar ratio = 2.6) and balanced with Ar was feetb ireactor, hybrid frameworks resembling those of metal organic
using a GHSV =9965h frameworkg*1%!

The CO oxidation reaction was monitored by meanslifffise Figure 2 shows the IR spectra of the isolated freeé @rig. 2A)
reflectance infrared spectroscopy (DRIFT) in a Netdflagna-IR s and the hybrid material (Fig. 2B). The carboxylatestching
750 FTIR spectrometer equipped with a liquid-nitrogeoled frequencies are between 1600-1380'c®ands around 1400 ¢m
MCT detector and a Spectra Tech Inc. catalytic DRtR@mber.  * correspond to symmetric stretching modeg, and bands
The outlet of the DRIFT chamber was connected om#mough between 1600-1500 chare assigned to asymmetric moggsm

a capillary tube to a Balzers instrument (QME 2@Quipped  The difference between carboxylate stretching feegies A
with a quadrupole mass spectrometer, which had pemnously e =yasynrYsym Of the ionic therephtalic structure is aroukrtl77cm
calibrated to monitor the evolution of the differepotential 1129 We suppose similar values for the other ioniccitnes. We
products. A mixture of 9.87 % CO/He and 10.0D%le in a determined the bonding mode between the carboxaticls
molar ratio CO/@= 2 molar and balanced with He, in a total flow groups and titanium centers in Au-organic-Ti stwes by

of 30 ml/min, was feed into the catalytic DRIFT chmm measuring A=YasymYsym While monodentate complexes have
70 higher A values than the ionic structure, in bidentatedirid
Results and discussions modes A values are lower but close to the ionic value, and

Gold nanoparticles stabilized with DT and MPMS wpreduced  bidentate chelating modes exhibit much lowevalues than the

following the procedure reported by Budroni and Caftha corresponding ionic structuf&:*®! The frequency separations

representative TEM micrograph of the Au nanopatichnd its  compiled in Table 2 suggests that terephthale aB¢b-iris(4-

corresponding size distribution histogram are digpdl in Figure 75 carboxyphenyl)benzene ligands were bonded to titanas a

la. The average size of the gold nanoparticlesapeepand used monodentate and bidentate-chelating mode. Howewe8-

in this work was 2.1 £ 0.5 nm. naphthalenedicarboxylic was bonded in the bideristiging
SR and chelating bridging mode.
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Figure 1. a) TEM micrographs of Au nanoparticles with averag  ©) D) **
size of 2 nm. Inset shows the histogram of theigartsize
distribution. B) TEM micrograph of the calcined Au@p (t)

material. Scale bars correspond to 50 nm.

Au-organic-Ti materials were prepared from an etthaolution ® 0 a0 s a0 0 0 70 a0

of DT- and MPMS-caped Au nanoparticles and titani(Iw) . . Temperatre (€)

ethoxide. Each surface ligand, DT and MPMS, play@wrole Figure 2. IR spectra of the isolated free acid (a) and theityb

duri the f i f th ' hvbrid ¢ ',I The MS material (b). c¢) carboxylate coordination modes. d)
uring ) e formation © e hybn m.a eral. e. Thermogravimetric profile of the Au@TiQ) mesoporous

alkoxysilane groups promote the hydrolysis and emsdtion of  aterials.

Ti(OEt), around the gold NP and provide a link between the

metal and the titania. On the other hand, inertdlklne chains  Table 2. Difference stretching frequencies of the isolatesk f
behave as physical spacers between the partictbshantitania s acid and the hybrid material.

shell. In nanoparticles containing only MPMS, dcaillayer is

formed around the gold nanoparticle, making its fame A =YasynrYsym CIIT*

inaccessible for catalysis. On the other hand, sittMPMS the Calbeykis Freoncq YD Eelelidleas
titania mesoporous structure would grow indepergesft gold material

nanoparticle$) Terephtalic 247 109116 Monodentate-bidentate

To further control the Ti-Ti and Ti-Au distance ihe Au-

. . L . . 2,6-Naphthalenedicarboxylic 247 142-83 Bidentatglating
organic-Ti mesoporous structures, we used rigithaaiic acid 135 Tris(4
as spacers in between titanium centers (SchemeTHiee carboxyphenyl)benzene 258 191-103 Monodentate-bidentate

90
carboxylates with different lengths were testedthe present

1,3,5-tris(4-cfa1r.b.oxyphenyl)behzepe. The use Qf .SDOQan.iC thermogravimetry analyses were conducted. Sampées heated
compounds initially resulted in highly porous orgaimorganic 4t 3 rate of 10 °C-mihfrom room temperature to 800 °C in air

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3



(Figure 2d). Three weight loss steps were detedteanost

samples. The first weight loss step, in the ramgenf50 to 200

°C, was associated with the evaporation of adsoueter and  (011) peak by Scherrer's equatiéfl. This reduced particle size

weakly bonded solvent molecules. A second weigbs ktep, in  potentially favor the catalytic performance of timaterial, as it
s the range 200-406C, was associated with the desorption of increases the density of metal-support active-8ift&g”

residual diethylformamideand interstitial water. The last stepgso

starting at 450°C, corresponds to the pirolysis of the organic Table 3. Surface area before and after calcination andipospf

45 brookite phase was also identified. The Jitystallite size was
estimated at 9-10 nm from the full width at halfximum of the

molecules, such as DT, MPMS and the organic spacers
Elemental analysis showed a calcination treatménds® °C
10 during 4h to be sufficient to totally remove theyamic spacers.
Therefore all the materials were calcined at 25@uring 4 hours
in air. The powder obtained was white for the sa®plith no
Au and reddish-violet for the Au@Tisamples. ICP revealed
the Au content after calcination to be around 1%ealb samples
15 prepared.
Figure 1b displays a TEM micrograph of the Au@ZAip
mesoporous material finally obtained.
nanoparticles were hardly seen due to their smia#, shigh
dispersion and relatively low concentration. Howevew large
20 Au nanoparticles independent to the Ti@atrix were also
observed. These large Au particles may be origth&tom initial
gold aggregates which were not properly functiamaliand thus
were not embedded inside the Ti€ructure.

@ (b)

v

v

A VI v

N AU@TIO (1)
M Au@TiO,

0 20 30 40 50 60 70 80
2theta (deg)

Intensity(a.u)
Intensity(a.u)

N

10 20 30 40
2theta (deg)

25 Figure 3. X-ray diffraction patterns from the different Au@Dh
mesoporous structures before (a) and after (b)ctieination
treatment. The peaks corresponding to the anathssepare
marked as a reference.

s Figure 3 shows the XRD patterns of the Au-spacer-Ti

mesoporous materials initially obtained. No diffian peak from
the titania crystallographic structure was deteciedthe as-
prepared materials, proving its amorphous natumvever, the
presence of x-ray reflections at low angles indidaome degree
35 Of structural organization at the nanometer scHte diffraction
peaks of the Au-spacer-Ti materials were shifted ldwer
angleswith increasing the size of the organic carboxyldble
3 displays the d-spacing values calculated usiegBtagg law.
The increase of the d-spacing with the size of dagboxylate
40 molecule correlates well with the picture of Timseparated by
the different organic linkers.
With the calcination treatment the titania suppoystallized into
the anatase phase (JCPDS 21-1272, Figure 3b). Whiaig u
organic spacers, a small peak at 3Q:8rresponding to the

Embedded Au Au@TiO,(t)

the main XRD peak of the as-prepared sample.

XRD Surface area (m?%/g)

Sample . Pore
Carboxylate spacing As- N
name Calcined ~ size(A)
d(hm)  prepared
TiO, - 552 64 53
TiO, (t) Terephtalic acid 1.14 226 85 155
. 2,6-naphthalenedicarboxylic
TiO, (n) . 1.24 176 153 160
acid
) 1,3,5-Tris(4-
TiO, (b) 1.61 341 180 42
carboxyphenyl)benzene
Au@TiO, 349 89 55

Terephtalic acid 1.13 293 109 280

2,6-Naphthalenedicarboxylic

AU@TiO; (n) 1.37 183 178 328

acid
1,3,5-Tris(4-

AU@TIO, (b
u@TiO, (b) carboxyphenyl)benzene

1.90 314 145 514

Figure 4 shows the adsorption-desorption isotheptydles of

ss the materials produced. The specific surface aredhe as-
prepared Au-spacer-Ti mesoporous materials washenrange
between 150 and 350%g. They showed type IV-H1 adsorption-
desorption isotherm cycles. Their porous contrdoutiwas
essentially mesoporous, and they displayed broad e size

eo distributions (Figure 4c, Supporting InformationThe as-
prepared Au-Ti materials, with no spacer, typicadligplayed
BET surface areas close to 358gth (Table 3) and type IV-H4
adsorption-desorption isotherms. Fi@aterials produced in the
same way but without Au nanoparticles were charazew by

es larger BET surface areas, above 550gmiThese samples, having
no gold and no spacer, presented type | physisorpsiotherms,
characteristic of microporous materi&fe??

S

(b)

Au@TIO,

(©

AN

8
8

5
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3

3

Quantity adsorbed (mmol/g)
Quantity adsorbed (mmol/g)

dv/dlog(w) Pore volume (cm®/g-A)

20

0.2 I

Relative Pressure (P/Po)

04 06 08 10 02

Relative Pressure (P/Po)

04 06 08 10 10

Pore width (nm/

100

70 Figure 4. a), b): Adsorption/desorption isotherm cycles frtima
different Au@TiQ mesoporous structures before (a) and after (b)
the calcination treatment. ¢) BJH pore size distiiou of the
materials after calcination.

75 After calcination, the isotherms of all Au@TiOmaterials
conserved the characteristic type IV cycles cooadmg to
mesoporous materials. However, a decrease of ttacsuarea
was obtained. Larger spacers had associated srealface area
decreases, being the largest surface area decieseered for the

so materials with no organic spacer. We believe tlingt higher
thermal stability of the larger carboxylate molesul more

4 | Journal Name, [year], [vol], 00—00
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effectively prevented the mesoporous structureoitagse. This

is consistent with the picture of organic spacer efiective

structural directors.

Owing to its largest surface area, we selected dhmlyst
s Au@TiO,(b), prepared using 1,3,5-tris(4-carboxyphenyl)leerez

acid as spacer, to compare the catalytic activityernbedded

and impregnated Au/Tigb) samples presented various CO
coordination sites: i) a band centered at 2174-2186

so resembled the band obtained for the JE) support; ii) a small
band located at 2075 ¢hwas assigned to CO adsorbed on low
coordinated Af species:; iii) a band centered at 2114-2115 cm
and possibly a shoulder at 2127 tdetected only for Au@Ti©

Au@TiO, materials with that of impregnated samples. The were assigned to CO adsorbed on slightly positighbrged gold
impregnated Au/Ti@ sample was prepared by impregnating & atoms, Ad*, characteristic of Au-O-Ti bonds at the metal-sapp
mesoporous TiQ materials obtained using the 1,3,5-tris(4- interface®®3" Au@TiO(b) displayed just this last unique and

10 carboxyphenyl)benzene spacer with 1% of Au: AuAT(R). As a
reference, we also measured the catalytic performaaf
Au@TiO, without spacer and that of the TiGample with no
gold, TiOx(b).

The materials catalytic activity was tested througjie CO

15 oxidation reaction in the temperature range fronfQ%0 250C

well defined coordination site characterized byaadlocated at

2119 et

The water gas shift (WGS) reaction was also studigdg the
s0 AU@TIiO,(b) catalyst. For this reaction, the calculatechower

frequency value after 6 h reaction at 28D was 6.8-10

molH,/molAu-s. This result confirmed that nanometric dgol

(Figure 5)2328 At each temperature, the system was allowed tonanoparticles within Au@Tiglb) had optimal size for the

stabilize during 10 min. Au@Tigb) showed CO to CPO

water—gas shift reactidff >4

conversions above 80 % at S and close to 100 % ates
temperatures above 10C. The sample with no spacer showed Conclusions

20 lower catalytic conversion. Au@ Tigshowed 25 % CO to GO
conversion at 50 °C and above 70 % at 250 °C. Tresdts
probed the presence and accessibility of nanomatréit active
gold nanoparticles within the Au@Ti(®) and Au@TiQ
mesoporous materials and confirmed that the usepaters

s increased the accessibility of the catalytic matsrinside the
TiO, network. On the contrary, Tib) and impregnated
Au/TiO4(b) samples showed a very reduced catalytic agtinit
the temperature range tested, most probably dubetdimited
availability of metal catalyst nanoparticles witimall enough

30 Sizes.

A) 100
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Au@TiO,
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Figure 5. A) CO conversion as a function of temperature fmep
TiO, support, impregnated Au/Ti®), embedded Au@Tifand
Au@TiO,(b). B) DRIFT spectra under CO oxidation reaction

35
We further studied the materials catalytic perfanoe using
DRIFT spectroscopy coupled to mass spectrometrpltow the
evolution of adsorbed species. Before the CQOd&dsorption
experiment, samples were treated at 1%D in oxygen

40 atmosphere. At this temperature, CO and oxygen im&educed
into the DRIFT chamber. After 1h, the reaction wasrighed by
introducing He into the chamber and quickly coolihg material
to 25 °C. During cooling, free CO and GOprogressively
disappeared but bonded CO remained attached to #teriah

4s surface. Figure 5b shows the DRIFT spectra aftenchiag. The
TiO4(b) support showed a unique band at 2172 cassigned to
CO adsorbed to ¥i sites on the anatase surf§¢& Au@TiO,

A general procedure to prepare high surface ardarials with
highly dispersed and accessible embedded catalgtioparticles
was described. The use of organic spacers as $ifdetiveen Ti

70 atoms allowed producing hybrid organic-inorganicuciures
with tuned porosity. The final mesoporous matergfiéciently
blocked the aggregation and growth of the gold parles,
minimizing their sintering during the calcinatioreatment and
increasing the interaction strength between the amet

75 nanoparticles and the oxide support. The good aitukty of
gold nanoparticles in these materials was demdestray the
high CO to CO2 conversion values obtained at low &atpres.
DRIFT spectroscopy showed a well-defined and specifi
coordination sites on Au@Ti{b) catalyst related to Atispecies

so resulting from Au-O-Ti interactions at the metal pport
interface.
The same strategy can be used to prepare otherporess
supports starting from the corresponding alkoxideg, CeG,
Fe0s, Al,Os. At the same time other metal nanoparticles can be

ss introduced in these materials. The only requirenietiie proper
functionalization of their surface. This opens tlwor to produce
a large variety of catalytic materials containirighty dispersed
and accessible metal nanoparticles with contralee, shape and
composition prepared by colloidal synthesis techeg
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