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a b s t r a c t

Nanometric Fe2O3 particles could be inserted inside the internal pore volume of SBA-15 mesoporous
silica when Fe(III) chelates (EDTA, gluconate and citrate) were used as impregnating precursors. Fe(III)
nitrate preferentially yields 8 nm uniformly sized Fe2O3 clusters that selectively plug the SBA-15 channels
through a geometric confinement effect. An oxidative degradation of Fe-chelate precursors yielded Fe(III)
oxidic particles of various sizes and dispersion, depending on the nature and geometry of chelate anion.
Fe(EDTA) precursors specifically generated Fe2O3 nanoparticles that selectively migrate towards two
types of positions where the silica surface exhibits a high curvature. In samples involving low Fe loadings,
yclic voltammetry Fe2O3 particles first creep towards the silica micropore mouths (nests), in which they are readily confined
and stabilized. For higher Fe loadings, when most of the micropore nests were filled, oxidic particles
eventually settle as a superficial film on the mesopore walls and undergo stabilization onto the surface
roughness that can also favors their confinement, as theoretically predicted by Derouane and co-workers.
Upon further reduction, as selectively followed by combined cyclic voltammetry and TPR, Fe2O3 readily
yield FeO nanoslabs that remain even more efficiently confined within their respective nest positions

se ty
through a further acid–ba

. Introduction

In 1985, Anderson et al. [1] suggested that the strength of van
er Waals type bonding of molecules (e.g. water, hydrocarbons. . .)
n solids could be proportional to the curvature of the solid sur-
ace (e.g. internal surface in zeolites). Derouane [2] extended this
oncept by proposing the concept of “nest effect” image, wherein a
basically gaseous) molecule and its direct (basically solid) environ-

ent tend reciprocally to optimize their van der Waals interaction.
he new concept emphasized that stereochemical, rather than dif-
usional effects, favor sorbate molecules to reach minimum energy
oints on the host (zeolite. . .) surface. The neat result is an increase
f the sorption equilibrium constant and, hence, the local con-
entration of sorbate species, thereby further affecting the overall

eaction kinetics. Nest effects not only concerned highly curved
ntracrystalline volumes in porous materials (zeolites) but also any
ctive site (located on a flat surface) that sterically favors, through
ts own geometry, the confinement of a sorbate molecule. Alkyla-
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tion of aromatics, as reported by Ducarme and Védrine [3], was
among the first experimental observations to be readily explained
by the “nest effect”. Derouane et al. [4,5] could further quantify the
role of surface curvature of the “nesting concept”. For compara-
ble sizes and shapes of the host surface and of the sorbate, these
authors could describe the interaction energy between the host
(curved) site and the guest molecule by proposing a simple van der
Waals model. In short, the van der Waals interactions are ampli-
fied by the curvature of the pore walls with which the molecules
optimally interact. The physisorption energy experimented by a
guest molecule (idealized as a sphere), as it moves along a flat sur-
face towards the pore opening (idealized as a hemispherical crater)
indeed showed a very sharp drop as soon as the molecule sinks into
the crater. Derouane and co-workers further demonstrated [4–6]
that confinement of molecules in pores of near atomic size also
affects various diffusional properties of molecules. They therefore
proposed the concept of “floating molecule”, where the mobility of
small molecules increases when an optimal fit between the size and
morphology of the sorbate and its close environment is achieved [4].

Among other examples derived from the so-defined confinement
effect emerged the concepts of “molecular docking” [8], “molecular
traffic control” [6,9,10] or “confinement catalysis” [6,7].

The “nest” and “confinement” effects developed by Derouane
et al. for zeolites could be readily extended to mesoporous mate-

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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ials by other groups. Such materials currently have mesopores
hat often present various pore wall “tortuosities” [11] but they
an also involve some microporosity when prepared under specific
ynthetic conditions [12]. Various authors showed that conver-
ions for some reactions, e.g. oligomerizeation of 1-butene [13]
r acetalization of cyclohexanone with methanol [14] over meso-
orous materials markedly increased when their pore diameters
ad restricted dimensions. In both examples, the highest activ-

ty was found for pore diameters close to 2 nm while it strongly
ecreased for narrower or for larger pore sizes, thereby discarding
iffusion limitations. These findings were better explained by con-
idering geometric and energetic effects based on the confinement
odel described by Derouane [4,7]. More recent determinations

f the sorption energetics (measured through the correspond-
ng heats of adsorption) in the case of isomerization of n-hexane
ver MCM-41 also suggested that geometric-dependent conditions
confinement effects) dominate over all other factors [15].

Several experimental evidences were reported showing that
olecules can be embedded into narrow spaced voids of various
atrixes on which they stay simply sorbed without further reac-

ion. In most such cases, the term “confinement” then means the
ptimal fitting of a particle within a void space (usually chan-
el) of similar dimensions (geometrical fitting), which does not
ecessarily imply any further energetic stabilization onto some
ough surface, either in mesopores or on a more open system. As

typical example, xenon molecules were shown to first fill the
ery small mesopores of SBA-15 silica, where the strong sorption
as explained by considering “sharp confinement effects” [11].

imilarly, dibenzodioxine was found strongly held only when the
ubstrate pore size closely matches its molecular kinetic diameter,
s in the case of mordenite or NaY zeolites that exhibit narrow pores,
ut not on mesoporous silicas in which they simply stay weakly
-bonded to the internal silanols [16]. Yang et al. [17] have pre-
ared Pd nanoparticles that were found located both within the
anometer-sized SBA-15 silica walls and also within the microp-
res of the bimodal porous silica, where they could survive various
xidation–reduction treatments. Similarly, an effect of nanoscale
ore space confinement on Zn particles was reported to occur when
he latter were embedded in mesoporous alumina [18]. In that case,
his nanoscale confinement was supposed to affect the particle
orption via the overlap of the electronic double layer within the
esopores, creating a surface complexation environment different

rom that of an unconfined surface.
Many metal oxide nanoparticles could be similarly encapsulated

nto the straight channels of various mesoporous silica substrates
nd stabilized through the same geometrical effect. The internal
olume is then called “a confined reactor” into which particles
hould be considered rather as “encapsulated” (within the walls)
han “anchored” (onto the rough surface). Typical recent examples
eal with various transition metal oxides readily stabilized into
BA-15 channels through a perfect size fitting, after a controlled
alcination of the corresponding precursors [19], or of nanosized
a2O3 inserted within MCM-41 mesopore walls through some
stereoscopic confinement effect of the host channel on the guest”
20]. To our knowledge, no experimental evidence was reported
emonstrating that solid (sub)nanoparticles could be stabilized on
xternal surfaces of bulk substrates or on internal pore walls of
esoporous materials through an energetically favored stabiliza-

ion on the surface roughness.
We have recently developed the preparation and characteriza-

ion of a series of SBA-15 mesoporous silica-supported iron oxide

omposite catalysts, by using the so-called chelate route [21]. It was
arlier proposed that when chelate-type transition metal-bearing
recursors impregnate MCM-41 silica mesopores, a gel-like phase
eadily forms and favors, upon further drying, an optimal disper-
ion of the chelate over the substrate surface as a film, thereby
lysis A: Chemical 305 (2009) 24–33 25

preventing further sintering of the resulting metal oxidic parti-
cles after thermal degradation of the metal chelate precursor [22].
Our preliminary findings [21,23] on the Fe/silica system has lead
to more elaborated conclusions. It was found that iron chelate
precursors were first stabilized through hydrogen-type interac-
tions with the superficial silanols of the silica substrate during
the drying step of the impregnated composites. This stabilization
caused a decrease of the interaction of the chelate anions with
their Fe(III) counterions that were readily released and converted
into (sub)nanometric Fe2O3 particles during the subsequent chelate
thermal degradation. Only strong chelates such as Fe(III)-EDTA had
yielded sub-nanometric stable and extremely well dispersed Fe2O3
particles. Conversely, the pores of the Fe/SBA-15 composite pre-
pared using Fe(III) nitrate were filled with Fe2O3 isolated but more
bulky particles, their size being limited by the mesopore diame-
ter of the substrate. In a further in depth comparative study of
both systems (Fe-chelate versus Fe nitrate) by combined thermal
analysis [24], we have proposed a decomposition model in each
case and explained why strong Fe(EDTA) chelates readily yield sub-
nanometric oxidic particles while about 8 nm agglomerates were
systematically generated when non chelating Fe precursors (Fe(III)
nitrate) were used. While these latter were probably stabilized
through an eventual encapsulation in the mesopores of equivalent
diameter by a classical pore size/particle size fitting (geometric con-
finement), the remarkable thermal stability of the sub-nanometric
Fe2O3 particles on the internal mesoporous surface is yet to be
explained.

The aim of the present contribution is to further compare the
role of different Fe precursors (Fe(III) nitrate and three different
iron chelates, namely (Fe(III),Na)-EDTA, (Fe(III),NH4)-citrate and
Fe(II)-gluconate) in yielding Fe2O3 particles of variable sizes. In
particular, we want to bring convincing experimental evidences
arguing for a steady stabilization of Fe2O3 (sub)nanoparticles read-
ily generated in the case Fe(EDTA)/SBA-15 composites prepared
using increasing Fe(EDTA) loadings. More specifically, we wish to
question whether their possible confinement within potential nests
or traps intentionally generated onto the mesopore internal walls of
SBA-15 prepared by selected synthesis recipes, could be the reason
for their high dispersion and strong retention. Several complemen-
tary techniques, including TEM/EDX, nitrogen sorption isotherms,
TPR and cyclic voltammetry were used to evaluate the final textural
and redox properties of the calcined Fe/SBA-15 composites.

2. Experimental

2.1. Sample preparation

Pure siliceous mesoporous SBA-15 was prepared using classical
literature procedures [25], but by varying the hydrothermal con-
ditions so as to tailor the pore geometry and “tortuosity” of the
substrate [12]. The surfactant, Pluronic P123, was dissolved in a
mixture of water and HCl at 40 ◦C. Tetraethylorthosilicate (TEOS)
was added to the surfactant solution and the mixture stirred for
24 h. It was then transferred to Teflon bottles and heated at 100 ◦C
for 3 days. The white solid was filtered, washed with distilled water,
air-dried and calcined at 550 ◦C for 8 h under flowing air. Two dif-
ferent batches with very similar properties were prepared (referred
to as SBA-15/1 and SBA-15/2) (Table 1).

Dispersed Fe2O3 nanoparticles were generated through a
TG/DTA-controlled calcination of the SBA-15/1 silica support con-

taining different Fe(II) and Fe(III) chelate precursors, namely
(Fe(III),Na)-EDTA, (Fe(III),NH4)-citrate and Fe(II)-gluconate, as well
as Fe(III) nitrate, used for comparison. Before being used as sup-
port, the calcined mesoporous silica was preliminary dehydrated
into a Schlenck reactor under vacuum at 120 ◦C during 4 h. The iron
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Table 1
Chemical analysis, sorption properties and TPR reduction peaks of various calcined Fe2O3/SBA-15 composites.

Precursor or composite Fe (wt%) SBET (m2 g−1) Vol. micro (cm3 g−1) Vol. meso (cm3 g−1) First TPR peak (◦C) 2nd and 3rd TPR peaks (◦C)

SBA-15/1 calc. – 810 0.081 1.11 – –
Fe(nitrate)/SBA-15/1 3.8 770 0.077 1.03 407 NI
Fe(gluconate)/SBA-15/1 3.95 673 0.032 0.75 450 NI
Fe(citrate)/SBA-15/1 3.9 620 0.046 0.80 435 NI
Fe(EDTA)/SBA-15/1 3.6 486 >0.005 0.69 551 805, 910
SBA-15/2 calc. – 789 0.094 1.14 – –
Fe(EDTA)/SBA-15/2a 1.4 630 0.072 0.89 524 >1000
Fe(EDTA)/SBA-15/2b 2.5 575 0.041 0.86 531 856, >1000
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e(EDTA)/SBA-15/2c 3.45 505 0.026
e(EDTA)/SBA-15/2d 4.5 485 >0.01

I: not investigated.

helate and nitrate precursors were then inserted at room temper-
ture into the calcined anhydrous silica support through incipient
etness impregnation. This technique is based on the addition of
volume of aqueous solution containing the iron precursor equal

o (or lower than) the porous volume of the support determined
y nitrogen adsorption. The solution concentration was adjusted
n each impregnation step so as to correspond to a complete fill-
ng of the substrate pore volume and achieve, after two successive
mpregnations, the final atomic Fe/Si ratios to 0.035, corresponding
o about 3.5 wt% Fe (Table 1). The impregnated solids were dried
n air for 2 h at 80 ◦C, then for 12 h at 120 ◦C, before being acti-
ated up to 450 ◦C under air flow (10 L h−1 g−1) so as to completely
ecompose the chelate (or nitrate) anions, and generate the cor-
esponding supported Fe(III) oxidic phases. The final composites
ere referred to as Fe(gluconate)/SBA-15/1, Fe(citrate)/SBA-15/1,

e(EDTA)/SBA-15/1 and Fe(nitrate)/SBA-15/1 (Table 1).
In another series of experiments, the calcined SBA-15/2 silica

as impregnated with more diluted Fe-EDTA solutions in succes-
ive steps and four intermediates involving increasing amounts of
e were isolated and thermally activated as described above. The
nal composites were referred to as Fe(EDTA)/SBA-15/2a–d, in the
rder of increasing Fe content (Table 1).

.2. Physicochemical characterization

Powder XRD patterns of all the calcined Fe2O3/SBA-15/1 and
/2 composites were recorded on a Bruker D5005 diffractome-
er with monochromatized Cu K� radiation (� = 1.5418 Å) at 40 kV,
0 mA. Wide angle spectra were scanned at a rate of 0.04◦ s−1

nd with a step size of 3 s from 20◦ to 70◦ 2�. We have also
hecked at small angles that the 2D hexagonal structure of the
ilica templates was maintained during all post-synthesis treat-
ent steps (rate of 0.01◦ s−1 and with a step size of 20 s from 0.75◦

o 5◦ 2�). Bulk chemical analysis for Fe and Si was achieved by
CP. The decomposition sequence for pure Fe salts and for each
omposite was followed by combined TG–DTA in flowing air, as
escribed and already discussed in depth elsewhere [24]. The sur-

ace area and pore size analysis of the composites was carried out by
dsorption–desorption of nitrogen on a Micromeritics ASAP 2010
nstrument (−196 ◦C). Prior to N2 adsorption, the samples were
egassed under vacuum at 250 ◦C for more than 6 h. Nitrogen �s-
lot method was used to evaluate the microporous volume of the
omposites. A pure Si–MCM-41 prepared in alkylamine media [26]
as used as non-microporous reference.

The overall morphology, mesoporous regularity and surface
oughness of the Fe2O3/SBA-15/1 composites, as well as their iron

nalysis, were investigated by TEM (Philips CM120 microscope)
oupled to an EDX analyzer (fixed probe) for Fe spot detection
ver the sample surface. Electron microdiffraction patterns were
lso recorded to identify the structure of the iron-bearing particles,
hen visible. Samples were at first included in a resin that was
0.81 545 833, >900
0.75 553 820, >900

cut into sections of 30–50 nm with a microtome equipped with a
diamond cutter, before dispersion on a carbon-coated gold grid. H2-
PR measurements were performed on all the calcined Fe/SBA-15/1

and -/2 composites pre-treated in argon at 450 ◦C for 1 h (heating
rate of 10 ◦C min−1) prior to heating under H2 flow (5% vol. in Ar)
from 20 to 1000 ◦C at a heating rate of 5 ◦C min−1. H2 consumption
was continuously monitored by a thermal conductivity detector.

Voltammetric experiments were performed on a PGSTAT302
Autolab Hardware modulated by Autolab 4.9 software using mod-
ified carbon paste electrodes. All measurements were carried out
at ambient temperature with a conventional three electrodes con-
figuration, consisting of a platinum wire as auxiliary electrode, a
modified sample-paste carbon as working electrode, and a satu-
rated calomel reference electrode (SCE). Pure water (18 M� cm,
Millipore Milli-Qplus) was used throughout. Potassium chloride
(Fluka, Puriss p.a.) was used as supporting electrolyte. The work-
ing electrode was constructed by using the following homemade
procedure: the main part of the carbon paste electrode, consisting
of a Teflon rod (of 1 cm external diameter) filled with the carbon
paste and a glassy carbon rod (of 3 mm diameter), was inserted into
the other end of the electrode to make the electrical contact. The
modified sample-paraffin oil-carbon powder paste was prepared
by thoroughly admixing in a mortar the desired amount of sample
(typically 20–25 mg) with respectively 55–60 mg of carbon. Paraffin
oil (35–40 × 10−3 �L) was then added until a homogeneous paste
was obtained. The paste was packed into the electrode and a fresh
surface was rapidly generated through rolling out a small plug of
the paste with the glassy carbon rod. The plug was subsequently
scrapped off and smoothed with a piece of white paper so as to
obtain a homogeneous and uniform electrode surface.

3. Results and discussion

3.1. Porosity and pore connections in SBA-15

Galarneau et al. [27] have recently studied in detail the influ-
ence of synthesis conditions, more specifically of the hydrothermal
temperature, on the variations of the pore system of SBA-15. When
the syntheses were run below 80 ◦C, ultramicroporous silica walls
are generated, resulting from the silica templating by the polyethy-
lene oxide ‘fingers”, forming a corona around each micelle. The
resulting mesopores then appear pitted with small ultramicrop-
orous holes that very likely do not bridge the parallel mesopores
(Fig. 1A). Around 100 ◦C, besides a gradual increase of the meso-
pore diameter and the parallel decrease of the wall thickness, the
ultramicroporous pits markedly decrease (in number and possi-

bly ion size) while new secondary micropores start to form and
to bridge the parallel mesopores (Fig. 1B). Their diameter is vari-
able and spans between about 1.5 nm (supermicropores) and 4 nm
(small mesopores), possibly increasing as a function of synthe-
sis time. The final stage of the pore system evolution is reached
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ig. 1. Schematic representation of SBA-15 synthesis as a function of hydrotherma
nterconnect parallel mesopores; (b) around 100 ◦C, micropores of variable diamet
arallel mesopores. (Reproduced from Ref. [27], with permission.)

hen the synthesis temperature is adjusted at 130 ◦C. All ultra-
icroporosity then disappears while the micropore diameter still

lightly increases so that the whole system can be considered as
lmost completely mesoporous with numerous interconnections
Fig. 1C).

The aim of this contribution being to favor the nanoparticle con-
nement onto the surface roughness or within the pore mouths
f interconnecting micropores, the hydrothermal syntheses of our
BA-15 precursors have been run at 100 ◦C for 3 days. The extended
ynthesis time (3 days instead of 1 day as described in [27]) was
upposed not to directly affect microporosity but only possibly

ncrease the mesopore wall smoothness by decreasing the num-
er and size of the ultramicroporous pits while the microporosity
ould still be maintained, so as to favor a more uniform particle
ispersion (and size) when they are entrapped into the micropore
ouths.
erature. (a) Synthesis run below 80 ◦C showing ultramicroporous pits that do not
rt to connect parallel mesopores; (c) at 130 ◦C larger micropores still interconnect

3.2. Structure, morphology and iron loading of Fe/SBA-15
composites

X-ray diffractograms at low angles (spectra not shown but
discussed in [21]) confirmed that the hexagonal ordering in the
SBA-15 silica was retained after the impregnation/calcinations
steps of each composite. At wide angles, the sample synthesized
with iron nitrate displayed intense, well-resolved �-Fe2O3 XRD
lines (confirmed by electron diffraction), indicating that relatively
large particles were present. Conversely, no discernable iron oxide
reflections were neither visible on the diffractograms of the three

calcined composites prepared using chelate complexes, nor for
most of the Fe(EDTA)/SBA-15/2 samples with increasing Fe load-
ings, suggesting the exclusive presence of very small nanometric
iron oxide particles (or oxide films) that cause the classical XRD line
broadening. Small XRD diffraction lines corresponding to �-Fe2O3
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ig. 2. TEM images of (a) Fe(nitrate)/SBA-15/1 and of (b) Fe(EDTA)/SBA-15/1 compo
mages.

tart to appear only for sample Fe(EDTA)/SBA-15/2d (highest Fe
oading).

TEM images revealed that the mesopores of the Fe(nitrate)/SBA-
5/1 composite were filled with isolated, almost spherical particles.
s detailed previously [24], the thermal decomposition of the
itrate precursor results in a fast generation of Fe2O3 grains which
igrate through the SBA-15 channels during the evaporation of the

ast solvent traces, resulting in agglomerates of which the size is
imited by the silica mesopore diameter (about 8 nm). Each meso-
ore was shown to be plugged by one Fe2O3 particle on average
Fig. 2a). EDX spot analyses of selected empty parts of the meso-
ores never detected traces of Fe (Fig. 2a), confirming the absence
f any surface-confined particles like in the chelate case (see below).
his behavior perfectly illustrates the classical case of a geometric
onfinement of particles encapsulated between the mesoporous
alls, as currently observed for various oxidic particles inserted

n porous materials. By impeding an eventual growth of the Fe2O3
articles, the SBA-15 mesopores also retain them relatively strongly
onfined because of the optimal contact between the particle and
all surfaces.

In contrast, in the case of Fe(gluconate)/SBA-15/1 compos-
te, spot EDX analyses had confirmed the presence of very small
e2O3 particles homogeneously dispersed throughout the meso-
ores but hardly visible under TEM conditions ([21], figure not

hown). Such particles were even smaller (<2.5 nm) for the
e(citrate)/SBA-15/1 composite, suggesting an increased chelat-
ng efficiency of the citrate anion, compared to that of the
luconate, as elegantly confirmed by combined TG–DTA data
24].
nd the corresponding EDX spot analyses of selected areas, as numbered on the TEM

This trend was even more pronounced when EDTA was used as
iron complexing agent. In that case indeed, while iron oxide par-
ticles could never be visualized by TEM, EDX analyses do detect
the presence of iron everywhere throughout the silica matrix, but
exclusively inside the mesopores (Fig. 2b). Such species probably
consist of a dispersed thin film coating the mesopore walls and
involving (sub)nanometric, TEM-silent Fe2O3 particles.

The reaction mechanism explaining such coating previously
proposed [21,23] and further substantiated by thermoanalytical
data [24], can be summarized as follows in the exemplary case
of Fe(EDTA)/SBA-15/1 composite. As soon as it is impregnated,
the bulky Fe(EDTA) chelate preliminary interacts with the super-
ficial silanol groups of the SBA-15 surface. It is therefore stabilized
within the mesopores because it is maintained flat onto the
surface through H-bonding. The preliminary stabilization of the
chelate anion on the surface and its further steady destabilization
and decomposition through heating (under oxidative atmosphere)
would soon weaken the coordinative bonds of EDTA with the
Fe(III) cations and yield Fe2O3. These latter particles stay dispersed
because not in contact with each-other, due to their complexation
by bulky, flat-lying EDTA, that maintains them separated from each-
other. Clearly, the size and dispersion of the Fe2O3 particles will
depend on the geometry of the chelate anion and its complexing
power towards Fe(III); the bulkier the anion, the better its interac-

tion with the surface, the smaller the final Fe2O3 particle size.

The next step of this concerted decomposition mechanism con-
cerns the particle stabilization on the silica surface that prevents
their steady sintering during subsequent heating. While the Fe2O3
particle size could probably be tuned from nanometric to sub-
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anometric dimensions by monitoring the nature (geometry) of the
helate complex used as precursor, their stabilization has not yet
een rationally explained. Implication of mesopore surface rough-
ess or of micropore mouths in nanoparticle confining is examined
elow.

.3. Localization of confinement sites: surface roughness and
icropore probing by nitrogen sorption isotherms

Table 1 lists the pore characteristics of the four Fe/SBA-15/1
omposites and of those involving SBA-15/2 precursor impreg-
ated with increasing amounts of Fe(EDTA). For the first series,
significant restriction of the SBET surface area and of the meso-
orous and microporous volumes was systematically observed in
ll iron chelate-impregnated substrates, especially for the sample
mpregnated with Fe(EDTA). The regular decrease of the meso-
orous volume firstly confirmed that Fe2O3 particles generated
pon degradation of the various chelates were located inside the
hannels, probably on both sides of the mesopore walls. The fact
hat, for the chelate-originating composites, the mesoporous vol-
mes were less strongly affected by the insertion of the Fe2O3
anoparticles than the microporous volume, suggests that the oxi-
ic species could have been preferentially deposited inside the
ilica micropores. Indeed, while the microporous volumes mea-
ured in the case of pure SBA-15/1 and for the Fe(nitrate)/SBA-15/1
omposite were hardly affected, they almost disappeared in the
ase of Fe(EDTA)/SBA-15/1 and of Fe(EDTA)/SBA-15/2c and -2d, that
nvolve comparable Fe loadings. Moreover, the initial microporous
olume also progressively decreases as a function of Fe loading in
amples from the second series, again suggesting that the microp-
res were preferentially affected by the Fe2O3 loading.

It could be reasonably assumed that such very small Fe oxidic
pecies would first migrate towards the silica micropore mouths,
hus on positions where the silica surface exhibits a high curva-
ure. The fact that the micropores almost totally disappeared for
he composites involving high Fe contents (samples Fe(EDTA)/SBA-
5/2c, -2d and sample Fe(EDTA)/SBA-15/1), suggests that Fe2O3
articles had plugged (almost) all the micropores. The mean micro-
ore diameter (from 1.5 to 4 nm, Fig. 1) and the relatively wide
ispersion of their pore mouths within the mesopores [27], could
xplain both the small size of the Fe2O3 particles and also suggest
heir strong retention on such sites.

More generally, iron oxide nanoparticles probably start to be first
eposited inside the micropores that exhibit the highest curvature
or particle confinement (samples Fe(EDTA)/SBA-15/2a and -2b),
ielding a population of nanometric isolated and well dispersed
articles when EDTA was used as Fe2O3 precursor. This does not
xclude the presence of iron oxide in other structural configurations
or samples with higher Fe contents. One such configuration could
ossibly correspond to a dispersion of particles along the meso-
ore surface, as suggested by the decomposition mechanism of
he Fe(EDTA) chelate depicted above. Should that surface involve a

ore pronounced roughness, the retention of such particles would
e even stronger.

It appears evident that this confinement (in pore mouths or on
rough surface) would be less marked for samples prepared using
e(gluconate) and Fe(citrate) complexes, in line with their less pro-
ounced chelating efficiency. Finally, both the microporosity and
he mesoporous volume of the parent SBA-15 was hardly affected
y the more bulky Fe2O3 agglomerates stemming from the nitrate
recursor, which is also in line with their strong encapsulation in

he mesopores. In short, the more efficient the chelating power of
he salt, the best their overcoating of the internal rough surface
nd/or of the micropore mouths, the smaller the size of the result-
ng Fe2O3 nanoparticles and the stronger their anchoring within
he SBA-15 mesophase.
Fig. 3. TPR profiles of (a) sample Fe(EDTA)/SBA-15/1 (3.6% Fe) and of (b) sample
Fe(EDTA)/SBA-15/2a (1.4% Fe). Temperatures as indicated.

3.4. Tentative correlation between redox properties (TPR data)
and stability of confined Fe2O3 particles

3.4.1. TPR data
Temperature-programmed reduction (TPR) was used to probe

the ease of Fe(III) to be reduced by flowing hydrogen in our compos-
ites. The Fe(III) reducibility being related to the retention strength
of the initial Fe2O3 nanoparticles, TPR is also expected to further
substantiate their confinement.

One first large reduction peak was observed for all the chelate-
and nitrate-impregnated solids in the 400–550 ◦C range. This peak
is accompanied by another sharp reduction peak located between
about 800 and 850 ◦C, sometimes followed by another broader peak
starting to increase above 900 ◦C and having its maximum above
1000 ◦C (except for sample Fe(EDTA)/SBA-15/1 for which it shows a
sharp maximum at 910 ◦C) (Table 1). Fig. 3 shows typical TPR profiles
for a Fe-diluted composite (sample Fe(EDTA)/SBA-15/2a and for the
same involving more Fe (sample Fe(EDTA)/SBA-15/1).

The quantitative evaluation of H2 consumption revealed that the
first reduction of Fe2O3 ended around 700 ◦C with the formation of
FeO in all cases, while the second peak illustrates, sometimes in
two steps, the further reduction of FeO to metallic iron. A similar
total reduction was also observed in the same temperature range for
bulky �-Fe2O3 [28] or for Fe2O3 inserted in other mesophases such
as MCM-41 [29]. This stabilization of FeO can be readily explained
by considering that its basic character will favor its anchoring onto
the acidic surface of the silica support, preventing its prelimi-
nary stabilization as magnetite. The latter compound often appears
for unsupported Fe(III) oxides, for example in the case of bulky
hematite [28].

In the case of the composite synthesized with iron nitrate, Fe2O3
particles of about 8 nm in diameter plugging the SBA-15 channels
were reduced at a lower temperature than the probably far smaller
particles generated after decomposition of the gluconate, citrate
and especially EDTA anions. Several observations however suggest
that the temperature variation of the first TPR peak (from about
550 ◦C for the composites prepared using Fe(EDTA) down to 407 ◦C
for sample prepared with iron nitrate) could be related to the inter-
action strength of the Fe2O3 particles with the support, that in
turn (indirectly) depends on their size, assuming that the smallest

particles are the most efficiently confined.

Considering the sole particle size, one would have expected the
reverse trend, namely that larger particles would have undergone
reduction at a higher temperature than the nanometric sized ones,
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ecause of a more restricted hydrogen diffusion towards the core of
bulky slab, as already observed for CuO–Al2O3 mesoporous com-
osites [30]. This apparent contradiction is easily explained here by
onsidering that the Fe2O3 nanoslabs generated through the chelate
ecomposition are readily confined at the micropore mouths or on
he rough mesopore surface so that their contact surface with the
upport would be predominant when compared to the restricted
ontact surface of the large 8 nm spheres as in the nitrate compos-
te. Small particles are better confined within the micropore mouths
r as tiny films on the mesopore surface roughness and will thus be
ess readily reached by flowing hydrogen, hence their more difficult
eduction.

The higher TPR temperature observed in the case of composites
repared using the chelate route in the second series of samples
Table 1) is also in line with both the particle confinement at
he micropore mouths but also with their regular dispersion (in
quasi homogeneous layer) on the silica internal (rough) surface.

ndeed, for sample Fe(EDTA)/SBA-15/1 as well as for all the four
e(EDTA)/SBA-15/2(a–d) samples, the first reduction peak occurs
ithin a restricted temperature range (525–555 ◦C, Table 1), even

or high Fe loadings (sample d). Its intensity is logically propor-
ional to the total amount of Fe in each sample. Although the four
e(III) → Fe(II) reduction peaks recorded for samples a–d did not
ppear resolved in two components (that would have corresponded
o the two different confined states), these peaks significantly reg-
larly shift towards higher temperatures as a function of Fe loading
from 524 to 551 ◦C for samples a–d). As particles confined in
he micropore mouths are supposed to be predominant in phases
nvolving low Fe amounts (sample a), the above findings suggest
hat these species undergo reduction at a lower temperature (for
xample 524 ◦C, as in sample a) than the particles dispersed as
flat layer onto the pore rough surface, that are more abundant

n Fe-richer samples (reduction peak at 551 ◦C for sample d). The
ore facile Fe(III) → Fe(II) reduction for nanosized Fe2O3 species

onfined within the micropore mouths, although a priori surprising,

an be easily rationalized if one considers the acid–base character
f both the particle (Fe2O3 acidic to amphoteric and FeO basic) and
he surface of the substrate (both SiO2 and SiOH behave as weak
cid sites). Because the Fe2O3–SiO2 interaction before reduction is
eaker than the FeO–SiO2 one after reduction, the FeO species that

ig. 4. Mechanism illustrating schematically different steps of the thermal decomposition
icropore mouth levels inside the SBA-15 mesopores.
lysis A: Chemical 305 (2009) 24–33

will be the most readily stabilized after reduction would be the
best confined one, namely FeO sited in the pore mouths (situation
schematically depicted in Fig. 4). As a consequence, its precursor,
namely Fe2O3 occluded in the same micropore mouths, should then
be more readily reduced than its analogue confined onto the meso-
pore surface.

The second reduction step of the so-generated superficial FeO
nanoparticles to metallic Fe is also interesting to consider. This
reduction starts around 750–800 ◦C for all samples except for sam-
ple Fe(EDTA)/SBA-15/2a (1.4% Fe), and is visualized by a sharp peak
observed between 800 and 850 ◦C (Table 1). The reduction appar-
ently continues above 900 ◦C, as suggested by the appearance of
a second TPR “bump” above that temperature. Except for sample
Fe(EDTA)/SBA-15/1, this second reduction step is not clearly visual-
ized by a sharp peak but rather by a broad baseline increase that was
interrupted at 1000 ◦C (instrumental limitations). H2 consumptions
confirm that the total reduction of Fe(II) to Fe0 is neither complete
after the sharp peak, nor at 1000 ◦C.

The TPR profile for sample Fe(EDTA)/SBA-15/1 (3.6% Fe) clearly
shows that the FeO → Fe0 reduction occurs in two steps (peaks
at 805 and 910 ◦C) and is almost completely achieved at 1000 ◦C
(Fig. 3A). Conversely, in sample Fe(EDTA)/SBA-15/2a (1.4% Fe), FeO
only starts its second reduction above 900◦, with no peak maxima
recorded at 1000◦, while the peak at 800–850 ◦C is also completely
absent (Fig. 3B). It is also interesting to note a regular decrease of
the second reduction peak temperature with the Fe loading, for the
Fe(EDTA)/SBA-15/2 intermediates (Table 1). These observations are
also in line with the presence of two differently confined Fe2O3
nanoparticles, thus the one confined at the micropore mouth level
(predominant for low Fe loadings), the other probably lying flat as
a thin film on the mesopore rough surface (predominant for high
Fe loadings). The first species, as soon as reduced into FeO, would
be very strongly retained in the pore mouth “funnels” through the
above-described acid–base type interaction, presumably stronger
than the one characterizing the FeO–SiO2 interaction in the case

of surface-confined species. The first species, supposed to be also
more resistant to a further reduction (to Fe0), would stay stabilized
at a higher temperature than the more loosely held FeO particles. As
soon as more Fe is loaded, the second FeO species start to predom-
inate (samples Fe(EDTA)/SBA-15/2b to -2d). Although also strongly

of Fe(EDTA)/SBA-15 composite, yielding nanosized Fe2O3 particles confined at the
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ig. 5. Cyclic voltammograms of composites: (a) Fe(EDTA)/SBA-15/1; (b) Fe(nitrate)
arbon paste electrode in 0.1 M KCl electrolyte with a 25 mV s−1 scan rate. Potential

etained on surface, such FeO species probably offer more (external)
urface to the flowing hydrogen and are therefore more readily fur-
her reduced to Fe0 than the almost totally hidden particles when
eeply embedded into the pore mouth traps with which they are

n strong acid–base type interaction.

.4.2. Cyclic voltammetry (CV)
Fundamentally, cyclic voltammetry is a complementary tech-

ique to TPR in terms of detection of the reducing conditions for
species more or less strongly entrapped on a support, provided

he diffusion of the reducing agent (flowing hydrogen or electrons
hrough the applied electrode potential) is equivalent. In practice,
t is often observed that electrons would more readily reach a
educible electroactive entity than would do hydrogen gas at high
emperature, of which the diffusion could be restricted in the case
f bulky particles.

In the case of the nitrate-impregnated compound (Fig. 5, curve
), two reduction steps of the initial Fe(III) species were observed
peaks at +70 mV and −250 mV), suggesting either two different
e(III) bearing species or two consecutive reductions of the same
pecies. Their re-oxidation (Fe(II) → Fe(III)) occurs in one step in
he reverse sweep (peak at +180 mV). An evaluation of the number
f electrons exchanged per Fe allowed us to attribute the first peak
o the reduction of Fe2O3 to Fe3O4 (1/3 of Fe(III) reduced to Fe(II)),
hile the second peak at −250 mV most probably reflects the fur-

her more difficult reduction of Fe3O4 to FeO. A first reduction of
e(III) to Fe(II) at +70 mV, followed by a further reduction of FeO to
e0 was not likely to occur since the re-oxidation peak at +180 mV
as not characteristic of a true Fe0 redissolution phenomenon [31].

In contrast, a more demanding redox process for the other
hree chelates was observed. In each case, a more difficult reduc-
ion of Fe(III) species occurred at a more negative potential

han in the nitrate case, thereby indicating that these Fe2O3
pecies interact more strongly with the silica surface. In the
ase of Fe(gluconate)/SBA-15/1 and Fe(citrate)/SBA-15/1 samples,
xtended TEM studies had shown that although the SBA-15 surface
as found coated with a (probably multilayered) Fe2O3 film, an
5/1; (c) Fe(gluconate)/SBA-15/1; (d) Fe(citrate)/SBA-15/1 recorded with a modified
s as indicated.

apparent roughness of the coating layer was visible on some places
[21]. In Fe(gluconate)/SBA-15/1, some more bulky particles could
even be detected (TEM images not shown), in agreement with a less
efficient chelating efficiency of gluconate anions towards Fe(III),
with respect to citrate.

The Fe2O3 → FeO reduction potential, respectively −280 mV
(gluconate case, Fig. 5, curve C) and −450 mV (citrate case, Fig. 5,
curve D), confirms that the Fe2O3 generated by using citrate anions
is more difficult to reduce electrochemically. Note that while
Fe(citrate)/SBA-15/1 is also first partly reduced to magnetite (peak
at +100 mV) as in the nitrate case, this intermediate reduction was
not detected in the gluconate-bearing sample, for some unknown
reason.

The Fe(EDTA)/SBA-15/1 and -/2 samples present very interesting
electrochemical characteristics. A first, fully reversible reduction
peak appeared at −96 mV when the cyclic voltammogram was
recorded at 25 mV s−1 scan rate (Fig. 5, curve A). It corresponds
to the formation of magnetite, that is readily re-oxidized (peak
at −23 mV) when the reduction is stopped at −300 mV and the
re-oxidation immediately recorded on the reverse sweep.

The full redox voltammogram of this compound, recorded with
a higher scan speed up to −1.2 V, is shown on Fig. 6. While the
reversible magnetite formation is now hardly detectable (very
broad reduction and oxidation peaks at about −60 and +30 mV
respectively), a second peak corresponding to Fe3O4 → FeO reduc-
tion appears at about −710 mV. This far more negative reduction
potential, corresponding to a globally demanding reduction, illus-
trates a better confinement of the Fe(III) species in the EDTA case,
if compared to other chelating anions.

Bearing in mind that TPR data suggested that sample
Fe(EDTA)/SBA-15/1 involved Fe2O3 in two different confined envi-
ronments, one would have expected to discern also two different

reduction peaks in the cyclic voltammogram shown on Fig. 6. We
have therefore selected to probe by cyclic voltammetry sample
Fe(EDTA)/SBA-15/2b, a compound with intermediate Fe loading
(2.5%), assuming both confined species would be present in sim-
ilar amounts. The voltammogram shown on Fig. 7 indeed very
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ig. 6. Cyclic voltammogram of Fe(EDTA)/SBA-15/1 in the more negative potential
ange, recorded with a modified carbon paste electrode in 0.1 M KCl electrolyte with
50 mV s−1 scan rate. Potential values as indicated.

learly now shows two reduction peaks (−430 and −780 mV). Their
e-oxidation was reversible, as illustrated by the large common
bump” at about −320 mV on the reverse sweep, thereby confirm-
ng that both Fe2O3 and FeO always remain attached to the substrate
nternal surface during the redox experiment.

The fact that the reduction occurring at about −710 mV is
redominant on the cyclic voltammogram of Fe(EDTA)/SBA-15/1
3.6% Fe) suggests that the Fe2O3 species confined onto the sil-
ca rough surface, more abundant than those sited in the pore

ouths in that sample, are also more difficult to reduce than
he latter. Consequently, the reduction peak that appears at the
ower potential (−780 mV) for sample Fe(EDTA)/SBA-15/2b (Fig. 7)
hould also be attributed to the same surface-confined Fe(III)
pecies, which also fully confirms the TPR conclusions. Similarly,
he more facile reduction of the pore mouth-confined Fe2O3, visu-
lized by the peak at −430 mV, again confirms the trend of these
pecies to promptly yield very tightly confined FeO particles after
eduction. As currently observed in other cases, both species are
eversibly re-oxidized on the reverse sweep. The relatively slow

lectronic exchange between Fe(II) and Fe(III) in this redox process,
s illustrated by a medium �E value (difference between the main
eduction and oxidation peaks) of about 350 mV, remains charac-
eristic of the presence of very small, confined particles [32].

ig. 7. Cyclic voltammogram of Fe(EDTA)/SBA-15/2b in the more negative potential
ange, recorded with a modified carbon paste electrode in 0.1 M KCl electrolyte with
100 mV s−1 scan rate. Potential values as indicated.
lysis A: Chemical 305 (2009) 24–33

4. Conclusions

Well dispersed nanometric Fe2O3 particles were generated
inside the mesopores of SBA-15 silica by incipient wetness impreg-
nation and subsequent calcination of various iron chelates. While
the thermal degradation of Fe(III) nitrate precursor yielded large
particles encapsulated between the mesoporous walls (classical
geometric confinement), Fe(II)-gluconate, Fe(III)-citrate and espe-
cially Fe(III)-EDTA complexes generated very small nanometric
iron oxide particles inside the mesopores of the silica support.
A concerted chelate adsorption/decomposition and Fe2O3 release
mechanism was proposed to explain both the small oxide parti-
cle size and their stabilization on the silica surface that prevents
their steady sintering during subsequent heating. A combination
of several physico-chemical techniques allowed us to identify two
different populations of nanoparticles strongly confined inside the
SBA-15 mesoporous walls. Their stabilization occurs through two
successive events. In samples involving low Fe loadings, Fe2O3
nanoparticles first migrate towards the silica micropore mouths
(nests), thus on positions where the silica surface exhibits the high-
est curvature, in which the particles are readily entrapped and
stabilized. This stabilization is schematized on Fig. 4. For higher
Fe loadings, when most of the micropore nests were filled, oxi-
dic particles are found eventually deposited as a superficial film
and stabilized by the mesoporous surface roughness that can also
favor their confinement, as theoretically predicted by Derouane and
co-workers [2,4–9]. Upon further reduction selectively followed by
cyclic voltammetry and TPR, Fe2O3 readily yielded FeO nanograins
that stayed even more efficiently confined within their respective
nest positions through a further acid–base type stabilization.

The Fe/SBA-15 composites prepared using the chelate route
recently proved very promising catalysts for oxidation of pheno-
lic compounds in aqueous media (heterogeneous Fenton catalysis)
[21].
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