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1 Einleitung Seig

1 Einleitung

Das Ziel dieser Arbeit war die Synthese, Charagieming und Modifizierung neuartiger
mesopordser, nanostrukturierter  Wirt/Gast-Verbirghm sowie eine umfassende
Untersuchung zum Reduktionsverhalten der Gastsperie Schwerpunkt auf dem System
Fe-O. Parallel dazu wurden erste katalytische $otdrungen zur Methanolzersetzung an
ausgewahlten Eisenoxiden durchgefihrt. Letzterelgten in Kooperation mit dem Institut
fur Katalyse und dem Institut fir Organische Cherder Bulgarischen Akademie der

Wissenschaften in Sofia unter der Leitung von Fbof.Christo Mincheuv.

Als Gastsystem wurde die Gruppe der geordneten poedsen Kohlenstoffe gewahlt. Mit
deren Einfuhrung durch den Sudkoreaner Ryoo im 1888 erhielten die Wissenschaftler
Zugang zu einem Material, das den bis dahin besnitzgeordneten mesopordsen
Silicamaterialien in einigen Bereichen (z.B. thesohie und mechanische Stabilitat) tberlegen
ist! Ryoo widmete diese mesopordsen Kohlenstoffe seirestitut und nannte sie
dementsprechen@arbons Mesoporous by KIST, kurz CMK-n. Eine weitere Gruppe
geordneter mesopordser Kohlenstoffe bildet die Seouler National _Uhiversitat, kurz
SNU-n. Das n dient als Index fur die Klassifizieguder Materialien. Eine detaillierte
Ubersicht tiber den Stand der Forschung auf demeGdbi porésen Kohlenstoffmaterialien

bietet ein 2006 erschienener Ubersichtsarfikel.

Die mesopordsen Kohlenstoffe aus der Gruppe der @Mid€igen eine hohe thermische
Stabilitat bis zu 1900 K in InertgasatmosphéaremehBtabilitdt gegentber starken Sauren und
Basen, hohe mechanische Stabilitat sowie eine ga®éhnliche elektrische Leitfahigkéit.
Daher sind diese mesopordsen Kohlenstoffe nichtfinurAdsorptionsuntersuchungen, zur
Wasserstoffspeicherung, fir elektronische Anwendangind als katalytisches Trager-
material, sondern auch als Wirtmaterial in der Y@ast-Chemie von Interes&&

Hergestellt werden die mesopordosen Kohlenstoffedenm die Porenkanale eines
entsprechenden mesopordésen Ausgangsmaterials .(i.d3gica) zuerst mit einer

Kohlenstoffquelle, zum Beispiel einer Zuckerlosugegtillt werden. Im nachsten Schritt wird
der Zucker polymerisiert und anschlieend pyratisiBer so erhaltende Kohlenstoff wird
dann im letzten Schritt mit einer starken Saurer ddmige vom Silicagerust befreit, siehe

Abbildung 1. Durch die entsprechende Auswahl dessgAngsmaterials und der
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Kohlenstoffquelle kénnen mesopordse Kohlenstoffet mnterschiedlich geordneten
Porensystemen erhalten werden (z.B. MCM-48 SilisaCMK-1, SBA-1 - CMK-2,
AIMCM-48 . SNU-1, HMS - SNU-2)%%7

1. Impragnierung mit
Saccharose und
Schwefelsiure

3. Auflésen des SiO,

Netzwerkes L
ﬁ Mesoporéser
Kohlenstoff

in HF/NaOH

2. Erhitzen auf
900 °C im Vakuum

MCM-48 Silica Kohlenstoff/MCM-48 Silica-Komposit CMK-1

Abbildung 1: Schematischer Syntheseweg von mesgor&ohlenstoffen CMK-n am
Beispiel des CMK-1.

Eingesetzt wurden hier die beiden prominentestertréter CMK-1 und CMK-3. Beide
besitzen eine hydrophobe, graphitahnliche Oberfiaahit polyaromatischem Charakter

ahnlich wie die decarbon blacksoder dercarbon fibres!

Die Synthese der mesoporésen Kohlenstoffe der @ru@MK-n erfolgt nach dem
sogenannten Exotemplatverfahren. Dazu wird einrg@iiges Gerlstmaterial als Templat,
genauer Strukturdirektor, eingesetzt. Innerhallseesvird ein Feststoff zuerst synthetisiert
und anschlieBend vom Strukturdirektor befreit (Abp"?

Fur die Synthese des CMK-1 dient der MCM-48 Silts Strukturdirektor. In das ineinander

verwundene, dreidimensionale Netzwerk des mesopor@nantiomorphen Porenpaars des
MCM-48 Silica (Raumgruppe kubisch 3d) wird die Zuckerlosung gefiillt. Wahrend des
Karbonisierens bilden sich réhrendhnliche Kohleifistiawkturen an den Porenwanden des
MCM-48 Silica aus. Bedingt durch die zwei verscleieen Kanalsysteme des

Strukturdirektors bleiben diese Kohlenstoffstruktursolange voneinander getrennt und die
Raumgruppe erhalten, bis das Silicagerust herabstgelird. Nach dem Herauslosen des
Silicagerists sieht es so aus, als ob die beiddriedstoffréhren sich verbinden, begleitet
durch einen Wechsel der Raumgruppe hin z32l4oder niedriger. Eine schematische
Darstellung ist in Abbildung 2 zu sehen. Bis héudante nicht vollstandig geklart werden, ob
die beiden Kohlenstoffrohren dauerhaft miteinanaknipft sind oder sich wie beim MCM-

48 Silica nur gegenseitig durchdringeh.Charakteristische Daten sind in Tabelle 1

aufgefuhrt.
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Tabelle 1: Charakteristische Daten des CMK-1 und KG8F"’
Die angegebenen Werte sind abhangiyon del
Synthesebedingungen und daher als GréfRenordnun

verstehen.

Parameter CMK-1 CMK-3
Struktur kubisch hexagonal
Raumgruppe 182 p6émm

ao [nm] 8-95 8-11
innere Oberflache [ffg] 1400 - 2200 450 - 1600
Dp (BJH) [nm] 2-4 3-9

V,, [em?g] 09-1,2 1,3
Mikro/Mesoporen 1:4 1:7

ag.  Einheitszellparameter; B Mesoporendurchmess
V. Gesamtporenvolumen.

Zur Synthese des CMK-3 wird der SBA-15 Silica alsul&urdirektor eingesetzt. Anders als
beim CMK-1 ist der CMK-3 das negative Abbild des/SB5 Silica bei gleicher Symmetrie

des Porensystems. Die Struktur des mesopordsenelsibffs bildet sich durch eine

hexagonale Anordnung von eindimensionalen Kohldfsséden. Diese Stabe sind ihrerseits
Uber weitere, wesentlich dinnere Kohlenstoffstaleinander verbunden. Somit wird ein

CMK erhalten, der eine geordnete, zweidimensiorf@@gagonale Anordnung der Mesoporen
aufweist (Abb. 2). Neben den Mesoporen besitzt @eiK-3 noch Mikro- und sekundare,

nicht geordnete Mesoporét.Charakteristische Daten sind in Tabelle 1 aufgefiih

Abbildung 2: Schematische Darstellung vom CMKiinks) unt
CMK-3 (rechts).

Nanostrukturierte Metalloxide und Metalle ausgewgihBd-Metalle (Mangan, Eisen, Kobalt,
Nickel, Kupfer und Zink) wurden innerhalb der Mesggn von mesopordsen Kohlenstoffen
des Typs CMK-n synthetisiert. Das Reduktionsvedmtter 3d-Metalloxide wird schon mehr
als ein Jahrhundert untersucht. Dabei dient dasnBigdsystem Hamatit. Magnetit —

Wiistit - Eisen oft als Modellsystem fiir die Vielzahl ddsdigangsmetalloxide; zahlreiche
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Experimente und extensive theoretische Untersudumgirden an ihm schon durchgefihrt.
Dieses System findet unter anderem Anwendung imhbleoprozess, in der Katalyse und

neuerdings bei der Wasserstoffspeichertfifg.

Erste Untersuchungen zur Struktur und zum RedusWieralten gehen auf Pauling und
Hendricks in den frilhen Zwanzigern des letzten Rladerts zuriicR® Seit dem gibt es
zahlreiche Arbeiten mit dem Ziel, die Eigenschaftées Eisenoxidsystems besser zu
verstehen und somit einen Einblick in dessen Réohsterhalten zu bekomméf323
Wahrend des Reduktionsprozesses erfahren die @ktaedes Hamatits eine
Strukturumwandlung von der Hamatitstruktur Gbereeinverse Spinellstruktur (Magnetit),
eine defekte Natriumchloridstruktur (Wustit) zu @irkubisch raumzentrierten Struktur (bcc)
des Eisens. Der sehr komplexe Reduktionsverlaahbistingig von den Reduktionsparametern
wie zum Beispiel der Heizrate, dem Reduktionsgas der Partikelgro3e. Es ist daher nicht
verwunderlich, dass es verschiedene Ansichten déssen Ablauf gibt Erste umfassende
Studien zum Reduktionsverhalten von volumenkristath Hamatit wurden 1984 von St.
Johri® sowie 1987 von R&lvorgestellt. Experimente mit kleineren Eisenoxitialn in der
GroRenordnung 50 — 800 pm wurden dann 1981 von $fayed 1988 von El-Tabirdd

veroffentlicht.

Erst mit der Einfihrung der Wirt/Gast-Chemie komni@ den spaten 90ern des letzten
Jahrhunderts erste Untersuchungen nicht nur anstrakturierten Eisenoxiden durchgefihrt
werden. Unterschiedliche Nanopartikel (z.B. Pt, Od8S, NiO), aufgebaut in den Poren der
mesopordsen Silicamaterialien (z.B. MCM-41, MCM-&BA-15), zeigten deutlich andere
Eigenschaften als die entsprechenden Volumenkastaurickzufuhren ist dieser Effekt
unter anderem auf die Gré3enlimitierung der Gagisiren bedingt durch die PorengréiRe des

Wirtmaterialg?>2°:27-29.44-45

Erste Untersuchungen zum Reduktionsverhalten derostaikturierten Eisenoxide im
Wirt/Gast-System R©;@MCM-48 Silica wurden in unserer Arbeitsgruppe \Kishn et al.
2001 durchgefuhrt. Neben einer Reduktion von Feglll Fe(ll) wurde dabei auch durch die
Reaktion mit dem Wirtmaterial die Bildung von,5&0, beobachtet!*® Bedingt durch die
sauerstoff- und silicatfreie Umgebung beim Einsatn mesoporésen Kohlenstoffen als
Wirtsysteme ist es nun mdglich, das Reduktionsverha/on nanostrukturiertem Eisenoxid

genauer zu untersuchen.
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Generell sind zwei Wege denkbar, um die Phasenekitmg wahrend des
Reduktionsprozesses vom Hamatit bis hin zum Eisenrgersuchen. Zum einen kann die
Reduktion bei einer bestimmten Temperatur abgelerocind dann die Probe charakterisiert
werden. Die Charakterisierung der Proben erfolgt Amschluss daran mittels der sehr
leistungsstarken RontgenabsorptionsspektroskopiASX Sowohl die Gewinnung von
Reduktionsreihen als auch die Charakterisierungtetait XAS sind sehr zeit- und
materialaufwendig, liefern aber, wie spater gezeigt,, sehr gute Ergebnisse.

Eine andere Madoglichkeit ist die Verfolgung der Rlkdibnen in situ  mittels
Synchrotronstrahlungr( situ XAS). Es ist eine schnelle, elegante Methode,adieh schon
vielfach fur katalytische Untersuchungen eingesetiztl. Die Nachteile sind, dass es zu
Beginn dieser Arbeit im Jahre 2001 keine geeigri&@ktionszelle gab und sowohl die

Aufnahme als auch die Auswertung von Réntgenabismggpektren sehr komplex ist.

Eines der Hauptprobleme liegt in einer vernunftigeharakterisierung der Wirt/Gast-
Verbindungen, besonders in der der nanostruktene@aste. Zum Nachweis, dass sich die
Gaste Uberwiegend in den Poren des Wirtmateriadsnicht auf deren aul3eren Oberflachen
befinden sowie die Erhaltung der Wirtstruktur beindUmsetzungen gegeben ist, ist die
Nutzung einer Vielzahl von sich erganzenden legsstarken Charakterisierungstechniken
erforderlich. Diese sind zum Beispiel die RoOntgdwerdiffraktometrie (P-XRD), die
Transmissionselektronenmikroskopie (TEM), die Raspaktroskopie und die Stickstoff-
Physisorption. Zur Charakterisierung der Gastvetlngen und Reduktionsprodukte werden
Techniken wie die P-XRD, die TEM, die Infrarotspelskopie und die Rontgenabsorptions-
spektroskopie mittels Synchrotronstrahlung (XA3gessetzt.

Die Wirt/Gast-Verbindungen kénnen im Prinzip aufezwnterschiedlichen Wegen hergestellt
werden?’ Einer ist die direkte Zugabe des Wirtes wahrendSimthese der Gastspezies, ein
anderer ist die Impragnierung nach dessen Syntheteterer bietet den Vorteil, dass mit
einem qualitativ hochwertigem Wirtmaterial gearbeitwerden kann. Diese Art der
Einlagerung kann entweder aus der Gasphase oder €ibes der nasschemischen
Impragnierungsverfahren erfolgen. Die nasschemisdhgragnierungsverfahren erfordern
aber eine sehr sorgféltige Handhabung, da sonsGdatsystem beschadigt oder die Gaste
auch auf der Oberflache der Wirtstruktur und niabsschlie3lich in den Porenkanalen zu
finden sind. Der Vorteil gegenlber Einlagerunges der Gasphase ist die Moglichkeit, eine

hohere Belegung der Poren zu erreichen.
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Hier wurden die Wirte mit einer entsprechenden NMteatlosung behandelt, von der
Losung getrennt, getrocknet und abschlielend dieatdiin die Oxide Uberfuhrt. Die so
erhaltenen Wirt/Gast-Verbindungen werden im Folgendls MgO,@CMK-n bezeichnet,
also z.B. Ce0,@CMK-3 fur Cobaltoxid als Gastverbindung im Porestegn vom CMK-3.
Durch diese Synthese innerhalb der Mesoporen wemndenstrukturierte Gastverbindungen
erhalten, die in ihrer Ausdehnung in zwei Dimensturch den Porendurchmesser begrenzt

sind und in der Dritten durch die Lange der Poren.

Die vorliegende Arbeit kann im Prinzip in mehrerarailel bearbeitete Bereiche aufgeteilt
werden. Ein Bereich ist der Synthese- und Chariskteungsteil der nanostrukturierten
Wirt/Gast-Verbindungen. In der ersten Verdffentlioly von 2008%Y wurde die sogenannte
Jintra-pore” Synthese und Charakterisierung von asamkturiertem Eisen(lll)oxid im
Porensystem vom CMK-1 vorgestellt. Darauf aufbauendde 20082 gezeigt, dass dieses
auch mit anderen 3d-Metallen moglich ist. Zusékwliairde darin gezeigt, dass eine innerhalb
der Porensysteme durchgeflhrte Reduktion der Meddlk zu den reinen Metallen ohne eine
nachweisbare Schadigung der Wirtstruktur moglichRarallel zu diesen Synthesen wurden
die ersten eisenoxidhaltigen Wirt/Gast-Verbindundenalytischen Tests unterzogen. Die
Ergebnisse in Bezug auf die Methanolzersetzung ewur®004%% und 200524

veroffentlicht.

Das Reduktionsverhalten des Systems Hamatit — MagheNustit — Eisen wurde naher
untersucht. Ziel war es, eine Einsicht in das Rédokverhalten dieses nanostrukturierten
Systems zu erhalten sowie die jeweiligen Eisenoridglichst phasenrein in den Poren der
Wirte herzustellen. Die Ergebnisse dieser Untersugbn werden demnéachst

veroffentlichtV2 8l

Bedingt durch die Nanostrukturierung der Gastsystdmaferte deren Charakterisierung
mittels Rontgenabsorptionsspektroskopie als Hauetsachungsmethode mit dem bisher
angewandten Auswertungsverfahren keine zufriedibeistien Ergebnisse mehr. Das
Auswertungsverfahren wurde daher verfeinert und dief nanostrukturierten Eisenoxide

angewendet/’®!
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Daneben hat sich die Reduktion der Gastsysteme aboil mittels temperaturgesteuerter
Reduktion mit anschlieBender Charakterisierung,asthsie sehr gute Ergebnisse liehért!,

als sehr zeit- und materialaufwendig herausgestellt

Eine elegante, schnelle Methode ist die Verfolguley Reduktionin situ mittels der
Rontgenabsorptionsspektroskopie. Bis zu diesempudieitt gab es noch keine geeignete
Reaktionszelle, um Reduktionen mit geringen Mengen Reduktionsmaterial in einer
Wasserstoff/Stickstoff-Atmosphare kontrolliert untemperaturabhangig bis 1300 K
durchzufiihren. Auf3erdem sollte mit Hilfe dieser|@etin Onlinemonitoring sowohl der
Transmissions- als auch der Fluoreszenzstrahlunglichd sein. Daher wurde eine
entsprechende Zelle entwickelt und erfolgreich sjeté*?. Erste Anwendungen mit dieser
Zelle zum Reduktionsverhalten von,0e@CMK-1 wurden im Friihjahr 2006 publizi&ft®.
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2 Veroffentlichungen

Die Verdffentlichungen sind in der Reihenfolge gEerscheinens aufgefihrt.

Die Veroffentlichungen V2.3 und V2.4 sind aus Kogt®nen mit anderen Instituten
entstanden. Mein Anteil an diesen Arbeiten ist 8ynthese und Charakterisierung der
untersuchten Wirt/Gast-Verbindungen mittels P-XR;Physisorption, TEM und XAS.
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Iron (IIT) oxide nanoparticles within the pore system
of mesoporous carbon CMK-1: intra-pore
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Abstract

Iron (IIT) oxide nanoparticles were synthesized inside the pore system of mesoporous carbon CMK-1. This intra-pore
synthesis was carried out using several cycles of wet impregnation, drying and calcination procedures. The existence of
iron (IIT) oxide nanoparticles within the pore system was proved by powder X-ray diffraction, nitrogen physisorption,
preservation of the host structure by Raman spectroscopy and transmission electron microscopy. Finally, the local
structure of the iron oxide was determined by X-ray absorption spectroscopy.

© 2003 Elsevier Science Inc. All rights reserved.

Keywords: CMK-1; Mesoporous carbon; Iron (III) oxide; Nanoparticles; X-ray absorption spectroscopy

1. Introduction

Ordered mesoporous carbons are known since
1999 [1]. This new group of materials designated as
CMK-n (n=1-5) possess several advantages
compared to mesoporous silica molecular sieves,
i.e. high thermal stability up to 1600 °C in N, at-
mosphere, high stability in strong acids and bases,
high mechanical stability and especially electric
conductivity [2,3]. Therefore, the mesoporous
carbons are of great interest for, e.g. adsorption
[3.4], catalyst supports [5], electronic applications
[6-9] and host—guest chemistry [10].

“Corresponding author. Tel.: +49-641-99-34100; fax: +49-
641-99-34109.

E-mail address: michael.froeba@anorg.chemie.uni-giessen.
de (M. Froba).

The carbon synthesis procedure starts with an
infiltration of a carbon source (e.g. sucrose or
furfuryl alcohol) into a mesoporous silica phase,
followed by a carbonization step and, finally, the
removal of the silica framework using HF or eth-
anolic NaOH solution. The usage of different
mesoporous silica sources leads to different meso-
porous carbon materials (e.g. MCM-48 - CMK-
I; SBA-1 ->CMK-2; SBA-15—CMK-3). The
obtained mesoporous carbons exhibit varieties of
structures, specific surface areas, pore diameters
and pore volumes, e.g. CMK-1 (space group cubic
14, 32 or lower) synthesized from MCM-48 silica
can exhibit high specific surface areas up to 2200
m?/g. During the removal of the silica phase the
structure transforms from two interpenetrating net-
works to an interwoven structure. The outer sur-
face of CMK-n has a graphite-like, polyaromatic

1387-1811/03/$ - see front matter © 2003 Elsevier Science Inc. All rights reserved.

doi:10.1016/S1387-1811(03)00336-6
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character similar to carbon blacks or carbon fibres
[4].

During the last three years we were able to
synthesize different transition metal oxides within
mesoporous silica phases [11-13]. Here we report
on the first synthesis of iron (III) oxide nanopar-
ticles within the mesoporous carbon material
CMK-1. Adapted impregnation and calcination
cycles allow the control over the degree of coating
and loading of the host structure. The application
of multiple characterization techniques, i.e. pow-
der X-ray diffraction (PXRD), N, physisorption,
Raman and IR spectroscopy, X-ray absorption
spectroscopy and transmission electron micro-
scopy, proves that nanostructured iron (III) oxide
has been formed within the pore system of CMK-1.

2. Experimental
2.1. Syntheses

The syntheses of the mesoporous MCM-48 sil-
ica [11] and the host structure CMK-1 carbon were
carried out in accordance with the procedures de-
scribed in the literature [1,5,14,15]. Up to four
impregnation, drying and calcination cycles were
applied to form iron (IIT) oxide within the host
structure.

In a typical procedure 1 g dried CMK-1 was stir-
red for 30 min in 50 cm?® of an ethanolic or aqueous
solution of iron nitrate (4.6 mol/l) at room temper-
ature. The carbon-iron nitrate composite was sep-
arated from the solution by centrifugation (2970
rotations/min, 30 min) and dried under vacuum at
room temperature. Afterwards, the sample was
calcined at 623 K for 10 h, leading to the transfor-
mation of the iron nitrate into iron (III) oxide. The
completion of the transformation was indicated by
the disappearance of the IR band of the nitrate ion at
1380 cm™!. Depending on the number of impreg-
nation, drying and calcination cycles a desired iron
content between 15 and 65 wt.% could be obtained.

2.2. Characterization

The samples were analyzed by PXRD with fil-
tered CuK, radiation using a Bruker AXS DS§

Advance diffractometer in ©/60 geometry (con-
tinuous scan mode: speed: 0.02° (20)/min and
counting time of 6 s/data point).

Infrared spectra were recorded on a Perkin-
Elmer Spectrum GX FTIR spectrometer in the
range between 400 and 4000 cm~' using the KBr
pellet method.

Nitrogen physisorption measurements were re-
corded with an Autosorb 6 instrument (Quanta-
chrome) at 77 K. Before the physisorption
measurements the samples were outgassed at 423
K for 16-29 h. The surface areas were calculated
from the adsorption branch in a region of
p/po = 0.03 to 0.20 applying the Brunauer, Emmet
and Teller (BET) [16] method. The pore size dis-
tributions were calculated using the desorption
branch and applying the Barrett-Joyner-Halenda
(BJH) method [17]. The total pore volume was
extracted from the adsorption branch using a re-
spective data point at p/py = 0.97-0.99.

Raman spectroscopy was carried out with a
Raman microscope system (Jobin-Yvon). The
argon-ion laser operated at 514.5 nm. The reso-
lution of the spectra was 1 cm™!.

Transmission electron microscopy was carried
out using a Philips CM30 instrument operating at
300 kV in the bright field mode. For that the
samples were crushed in acetone and dispersed on
a holy carbon grid.

X-ray absorption spectroscopic measurements
were carried out at the storage ring DORIS 111
(HASYLAB@DESY, Hamburg, Germany) at the
EXAFS beam line A1 which was equipped with an
Si(1 1 1) double-crystal monochromator. The Fe K-
edge spectra were taken at liquid-nitrogen temper-
ature (77 K). All the spectra were recorded in the
fluorescence mode up to four times to improve after
summation the signal to noise ratio. The samples
were measured as fresh pressed polyethylene pel-
lets. For further data analysis the programs Win-
XAS 2.0 [18] and FEFF 7.0 [19] were used.

3. Results
3.1. Powder X-ray diffraction

Fig. 1 shows the powder X-ray diffraction pat-
terns of the mesoporous carbon host and the
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Fig. 1. PXRD of CMK-1 and the host/guest compound after

the first (sample 1), the second (sample 2), the third (sample 3)
and the fourth (sample 4) impregnation/calcination cycle.

N -

corresponding host/guest compounds after the
first, second, third and fourth (sample 4) impreg-
nation/calcination cycle. With every impregnation/
calcination cycle the X-ray peak intensities de-
crease and slowly shift to smaller d spacings (see
Table 1). These effects have already been discussed
in previous studies dealing with metal oxide phases
within mesoporous silica [11-13]. The loss in in-
tensity is due to the fact that the introduction of
scattering material into the pores leads to an in-
creased phase cancellation between scattering from
the walls and the pore regions. In case of sample 4
the absence of the XRD reflections can be attrib-
uted to a very high filling of the pores.

Fig. 2 exhibits the diffraction pattern of sample
4. The inset shows the range in which the strongest
reflections of bulk haematite appear. The absence
of these prominent reflections in case of the
nanostructured iron (III) oxide indicates that no

Table 1
d-Spacings of the CMK-1 and the host/guest compounds after
the first, second and third impregnation/calcination cycle

dyjo [nm)] dbyy [nm]
CMK-1 4.70 291
Sample 1 4.65 2.89
Sample 2 4.63 2.87
Sample 3 4.55
H
N

bulk haematite \'\Q

0 10 20 30 40 50 60

intensity

25 30 35 40 45
sample 4
T e —————p——

0 10 20 30 40 50 60
20 [degree]

Fig. 2. Diffraction pattern of sample 4 in comparison with bulk
haematite. The inset shows a magnification of sample 4 in the
range where the strongest reflections of haematite appear.

crystalline bulk material has been formed outside
the pore system. The weak and broad reflection at
26 ~ 35° corresponds to almost X-ray amorphous
very small iron (IIT) oxide crystallites.

3.2. Nitrogen sorption

Besides PXRD nitrogen physisorption is the
method of choice to gain knowledge about meso-
porous materials. This method gives information
on the specific surface area and the pore diameter.
Calculating pore diameters of mesoporous materi-
als using the BJH method is common [20]. Although
the applied theory is not perfect for small mesopores
(<4 nm) and not usable for micropores, it can give
information concerning differences between the
host/guest compounds and the pristine mesoporous
carbon. Former studies show that the application of
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the BJH theory gives appropriate qualitative results
which allow a direct comparison of relative changes
between different mesoporous materials [21-24].

The isotherms of the nitrogen physisorption
measurements of the CMK-1 and host/guest
compounds received after the first to fourth im-
pregnation step (samples 1-4) as well as the pore
diameter distributions of CMK-1, sample 2 and
sample 4 are shown in Figs. 3a and b. The data for
the BET surface areas and the pore diameters are
listed in Table 2. The isotherms of the samples 1, 2
and 3 still exhibit mesoporosity (¢-plots do not
reveal any microporosity), which indicates a coat-
ing of the inner surface of CMK-1. These materials
show type IV isotherms (IUPAC classification)
typical for mesoporous systems [25]. A well-
defined step occurs at about p/py = 0.4 for samples
1-3. This is associated with the filling of the meso-
pores due to capillary condensation. Depending on
the number of impregnation/calcination cycles the
amount of adsorbed nitrogen decreases. Sample 4
shows only a weak step, indicating a very high de-
gree of pore loading. This material exhibits micro-
porosity due to the pore filling as well as a small
amount of larger mesopores which might be caused
by interparticle porosity. With the intra-pore for-
mation of the iron oxide the step of capillary
condensation is slightly broadened, representing a
less uniform remaining pore size probably caused
by inhomogeneous pore filling.

The pore diameters of the pristine host com-
pound, sample 2 and sample 4 are shown in Fig.
3b, the corresponding data are listed in Table 2. Tt
can clearly be seen, that the pore diameter de-
creases with the number of impregnation steps
accompanied with a broadening of the diameter
distribution. This is probably due to a slight in-
homogeneous filling of the mesopores. For sample
4 no pore diameter can be determined in the range
of mesopores. In addition, it has to be kept in
mind that the loading of CMK-1 itself leads also to
a reduction of the specific surface areas.

3.3. Raman spectroscopy and transmission electron
microscopy

In order to verify that the host structure remains
intact even after the fourth impregnation/calcina-

800 -
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Fig. 3. (a) Nitrogen adsorption/desorption isotherms (77 K) of
CMK-1 and the host/guest compounds after the respective
impregnation/calcination cycles. (b) BJH pore size distributions
(Do(logd) = dV/d(log D)) for CMK-1, sample 2 and sample 4
calculated from the desorption branch.

tion cycle, Raman spectroscopic measurements
were carried out. The corresponding spectra are
depicted in Fig. 4. For CMK-1 the two bands
appear at 1333 cm™' and 1592 cm™! while they are
slightly shifted to lower wavenumbers in sample 4
(1316 and 1575 cm™!), an effect which can be at-
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Table 2
N, physisorption data of CMK-1 and the four host/guest
compounds®

Sample Sper [m?/g] D, (BJH) [nm] ¥, [107¢ m*/g]

CMK-1 1403 3.11 0.74 (p/po = 0.97)
Sample 1 1210 3.10 0.60 (p/po = 0.98)
Sample 2 1005 3.06 0.46 (p/po = 0.98)
Sample 3 634 3.02 0.35 (p/po = 0.98)
Sample 4 220 <1 0.30 (p/po = 0.99)

# Sper: total surface area by BET theory; D, (BJH): BJH pore
diameter; J,: total pore volume at a relative pressure
p/po = 0.97-0.99.

M

CMK-1

A\
A\Y

intensity

1200 1300 1400 15'001 1600 1700
Raman shift [cm ]

Fig. 4. Raman spectra of CMK-1 and the host/guest com-
pound after the fourth impregnation/calcination cycle (sample
4).

tributed to an increased degree of disorder within
the material due to multiple thermal impregnation/
calcination cycles. The graphite-like, polyaromatic
character of CMK-1 [3] seems to be preserved
during the impregnation/calcination cycles. Nev-
ertheless, in the literature these Raman bands
(1350, 1582 and 1620 cm~! not resolved) are de-
scribed as ““disordered sp”> bonded graphite” [26].
The band at 1350 cm™! is a so-called disorder-
induced band (D-band) and appears only for dis-
ordered graphite. The symmetry-allowed G-band
(E»p» mode) appears at 1582 cm ',

The transmission electron micrograph (Fig. 5)
shows the host/guest compound after the fourth
impregnation/calcination cycle. Again, it can
clearly be seen that the mesoporous carbon host

Fig. 5. Transmission electron micrograph of the host/guest
compound after the fourth impregnation/calcination cycle
(sample 4).

structure is preserved. In addition, no iron oxide
particles could be detected on the surface which is
a further confirmation that iron oxide is exclu-
sively formed within the pore system.

3.4. X-ray absorption spectroscopy

In order to gain structural information on the
local structure of the iron within the pores X-ray
absorption spectroscopic measurements were car-
ried out at the Fe K-edge. The Fourier transforms
(FT) of the Fe K-edge oscillations y(k)k* of sample
4 as well as of bulk haematite synthesized under
the same experimental conditions as for the host/
guest compounds are shown in Fig. 6. The data
analysis, using the program WinXAS, was focused
on the Fe—Fe shells. The shells were extracted by a
Fourier filter using a Bessel window in the range
between 1.8 and 12.5 A. The number of parame-
ters in the fits were all significantly smaller than the
possible number of independent parameters. A
detailed description of the data analysis will be
given in a future paper.

The modified radial distribution function of
bulk haematite exhibits coordination shells up to
7.5 A, while in case of the host/guest compounds
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7Fe-Fe

haematite

Ft (x(k)*k*3)

sample 4

R [A]

Fig. 6. Modified radial distribution function (mRDF) of the Fe
K-edge oscillations y(k)k* of the host/guest compound after the
fourth impregnation/calcination cycle (sample 4) as well as of
bulk haematite.

only significant shells up to 3.7 A are present. This
is due to the small particle sizes or static disorder
effects. Compared to bulk haematite, the Fe-O
shells are mostly unchanged in the samples, but the
Fe—Fe shells are strongly reduced because of the
nanostructural order of the iron (III) oxide.

Bulk haematite, which is isostructural with co-
rundum, consists of FeOq octahedra. Regarding
the modified radial distribution function of
haematite in Fig. 6 in the range between 0.8 and
3.7 A several coordination shells can be distin-
guished. The shell in the range of 0.8-1.9 A com-
prises the first two coordination spheres of the iron
with oxygen as nearest neighbor. In the range be-
tween 1.9 and 3.7 A the iron-iron coordination
shells appear. They can be divided into four shells
due to the different linkage of the FeOq octahedra
[27]. The coordination shells up to 3.28 A are
formed by face- and edge-shared octahedra, the
coordination shells at higher distances are due to a
corner-shared linkage.

As an example, Fig. 7 shows the modified radial
distribution function of sample 4 and the least-
squares fit; the refined structure parameters of the
sample 4 and bulk haematite as well as single
crystal data are listed in Table 3. The EXAFS

sample 4

Ft ((k)*k*3)

RIA]

Fig. 7. mRDF of the host/guest compound after the fourth
impregnation/calcination cycle (sample 4) and the result of the
corresponding least-squares fit.

results of bulk haematite are in good agreement
with results extracted from single crystal data. In
contrast to bulk haematite, a reduction of the co-
ordination number in the host/guest compound is
observed which is due to the small particle size and
static disorder effects of the iron (III) oxide. In
contrast to bulk haematite the first iron—iron shell

Table 3

Refined structure parameters of the Fe-Fe shells of the host/
guest compound after the fourth impregnation/calcination cycle
(sample 4) and bulk haematite as reference as well as corre-
sponding results extracted from single-crystal data of haema-
tite®

Sample 4 Bulk haematite Haematite s.c. [27]
N 0.44 0.50 1
RIA] 2.94 2.88 2.89
Ac® [AY]  0.0042 0.0039 =
N 0.91 3 3
R [A] 2.99 2.96 2.96
Ac® [AY]  0.0047 0.0039
N 0.29 3 3
R [A] 3.18 3.38 3.35
Ad® [A’]  0.0013 0.0040 =
N 0.55 4.03 6
R [A] 3.46 3.69 3.69
Ac® [AY]  0.0042 0.0040 =
AE, -2.04 -6.81

4N: coordination number; R: bond length; Ag?: Debye—
Waller factor; AEy: energy shift; s.c.: single crystal data.
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of the nanoparticles appears at 2.94 A a distance
which is in between face-shared (<2.9 A) and edge-
shared (2.95-3.28 A) iron oxide octahedra [28].
Taking all this into account we assume that the
first three iron-iron shells are formed by edge-
shared and the fourth by corner-shared octahedra.

4. Conclusions

It can be concluded that iron (III) oxide is
formed within the pore system of mesoporous
carbon CMK-1. To obtain different amounts of
iron (III) oxide inside the mesopores of CMK-1
various numbers of wet impregnation/drying and
calcination cycles were applied. By using pow-
der X-ray diffractometry, nitrogen physisorption,
Raman spectroscopy and transmission electron
microscopy it could be shown that iron (III) oxide
nanoparticles were almost exclusively formed in-
side the preserved pore system of the mesoporous
carbon host structure. The local structure of iron
oxide was determined by X-ray absorption spec-
troscopy. It revealed slightly disordered iron (III)
oxide nanoparticles and the absence of other iron
oxides.
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A new in situ cell for XAFS investigations
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A new in situ cell for X-ray absorption spectroscopic investigations
has been designed and tested. In contrast to existing cells, it is able to
reach temperatures as high as 1250 K and can record X-ray
absorption spectra in transmission and fluorescence modes. Further-
more, the cell is equipped with a new sample-holder system which
allows an easy sample changing. All components are commercial and
are simple to build. The cell is light and easy to handle, and can be
used under reducing or oxidizing conditions which makes it suitable
for performing reduction and oxidation investigations as demanded,
e.g. in heterogeneous catalysis experiments. The cell was tested on the
reduction of haematite.

Keywords: X-ray absorption spectroscopy; in situ cells;
instrumentation; in situ XAFS.

1. Introduction

Interest in in situ experiments using X-ray absorption spectroscopy
has been on the increase in recent years. The possibility of performing
time- and temperature-resolved experiments has lead to the design of
different in situ cells for several approaches (Jentoft er al., 2004;
Ressler, 2003; Pettiti er al., 1999; van Bokhoven et al., 1999; Kampers
et al., 1989; Dent et al., 1995; Zhang et al., 1991). Most of them are
used in the study of catalysts (Ressler et al., 2003; Wienold et al.,
2003).

Here we report on the construction of a new in situ cell with a wide
range of applications. The cell is of a simple design — the use of special
and complex manufactured parts has been avoided. All of the parts
used are not expensive and can be assembled in a common machine
shop. In addition, the cell is light, easy to handle and robust.

The sample-holder system was constructed for the housing of
sample pills. It allows a very simple sample changing combined with a
reproducible setting with respect to the sample position. The chosen
material and design benefit the temperature distribution as well as
gas changes during the measurements.

The most important advantage of the cell is the combination of
several features known from other cells (e.g. high temperature
without fluorescence yield detection). The cell makes in situ XAFS
studies possible for elements with an absorption of X-rays over a wide
range. Simultaneous detection of transmission and fluorescence yield
is possible. During experiments the temperature can be varied from
room temperature up to 1250 K. A wide choice of gas mixtures for
reduction and oxidation cycles is conceivable.

2. In situcell

The cell consists of three main parts: (i) the reaction room, which
accommodates (ii) the sample holder, and (iii) the gas and
temperature control system.

The main part of the reaction room is a T-shaped quartz tube
(25 mm in diameter), around which are wrapped a heating wire and
copper cooling tubes. An S-shape winding of the heating wire allows a

nearly uniform temperature distribution at the sample position. In
order to attach the wire and to gain a better temperature assignment
the heating wire was built of oven cement. The area of constant
temperature was estimated to be an area 7.5 mm x 7.5 mm around
the sample position.

The ends of the tube are closed using brass flanges, which consist of
an end cap, a spacer, a gasket and a screw holder. The end caps are
bored 25 mm in diameter and equipped with an epoxy-sealed Kapton
polyimide foil (of thickness 50 pm) for the X-ray beam to pass
through. Changing the window material (e.g. to beryllium) is possible
if necessary. Each of the two spacers is equipped with a tube for gas
inlet or outlet. In addition, one spacer carries and fixes the thermo-
couple (Pt10%Rh/Pt), which is embedded in a ceramic tube, posi-
tioned such that its end is close to the sample position and at 2 mm
from the quartz wall. The set-up is shown schematically in Fig. 1, and
Figs. 2, 3 and 4 show different views of the entire cell. Important cell
parameters are listed in Table 1.

First investigations show that it is possible to reduce the size of the
entire cell by more than a half without restricting any of the features
described above. This might be useful for space-restricted beamlines
or for increasing the transmission and fluorescence yields.

B
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Figure 1

Construction drawing of the in situ cell. A: quartz tube; B: reaction gas intake
or release flow socket; C: flange consisting of end cap, spacer, gasket and screw
holder; D: thermocouple.

Gas flow direction

Transmission

Fluorescence

Figure 2

Schematic drawing of the in situ cell. A: T-shaped quartz tube; B: heating arca
(shaded); C: sample position; D: thermocouple; E: sample holder; F: water-
cooling unit of the fluorescence arm.
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Table 1
Cell parameters.

Parameter Value

400 x 300 x 150 mm

190 mm

100 mm

Room temperature to 1250 K
540 W (maximum 10 A, 50 V)

Dimensions (length x width x height)
Sample-transmission window distance
Sample—fluorescence window distance
Temperature range

Heating power

Heating resistor 54Q
Thermocouple Pt10%Rh/Pt
Constant-temperature length 15 mm

The design and construction of this cell offers some technical and
safety advantages, e.g. the structural separation between the electric
(especially the heating area) and the water-cooling parts. In addition,
the sample and the experimental gas are physically separated from
the electric and heating wires.

The sample holder consists of a specially cut quartz tube as shown
in Fig. 5. The sample, pressed as a boron nitride pellet (maximum
diameter 16 mm), is mounted at an angle of 45° to the direction of the
cut quartz tube. The quartz tube is specially cut to avoid any shielding

Figure 3
The entire cell viewed from the side.

Figure 4
The entire cell viewed from the top, with the top of the box and the thermal
insulation removed.

of the fluorescence radiation. The reaction gas impinges on the
sample after flowing through the tube. This makes it possible to
switch gases while ignoring the gas mixture in the fluorescence arm of
the cell.

In order to change the sample, one of the end caps has to be
removed. The sample holder is then inserted into the furnace up to
the desired position (marked on the outside) and the end cap is then
replaced.

The in situ cell operates with a programmable temperature
controller (Eurotherm 815S) with the possibility of performing
heating ramps. The temperature allocations during these ramps are
shown in Fig. 6. The temperature curves are recorded under real
conditions (i.e. at the sample position with a nitrogen gas flow of
5cm® min~!, water cooling and aligned sample holder). It can be
clearly seen that after a self-optimization procedure of the controller
the differences between the desired and the real temperature are
marginal over a large temperature range.

3. EXAFS measurements

First tests were carried out at the HASYLAB@DESY EXAFSII
beamline E4. The cell was tested in an experiment on the reduction of
bulk haematite.

For the in situ measurements, bulk haematite was pressed into a
boron nitride pellet of diameter 10 mm and thickness 0.5 mm. The
reaction gas was 5% hydrogen in nitrogen with a flow rate of
and a heating rate of 2° min

5 cm® min~! ~!. XAFS spectra were

Figure 5
Quartz sample holder.

10° min”!

Temperature (K)

T T T T T T
180 240 300 360 420 480
Time (min)

T
120

r T
0 60

Figure 6

Temperature allocation for three heating ramps, collected after previous self-
optimization of the controller/cell system. The temperature curves were
recorded under real conditions (i.e. with nitrogen gas flow, water cooling and
aligned sample holder) at the point of the sample position.
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In sint XANES spectra of the reduction of bulk haematite (transmission).
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Figure 8

In sitt XANES spectra of the reduction of bulk haematite (fluorescence).

recorded in a temperature range from 320 K up to 1150 K. It should
be mentioned that the spectra were not collected in equidistant
temperature steps. This is due to the different temperature ranges
where a reduction to the respective iron oxides appears.

Figs. 7 and 8 show the corresponding energy-calibrated normalized
background-corrected XANES spectra recorded at the Fe K edge in
transmission and fluorescence mode, respectively. For both, a
temperature-dependent change of the pre-edge peak is observed,
combined with modifications in the white line and in the EXAFS
oscillations. Evaluation of the spectra using principle component
analysis shows the appearance of four different phases for both the
transmission and fluorescence spectra series. These phases are
a-Fe,05 (<570 K), Fe;0,4 (570 K), FeO (640 K) and Fe” (>1050 K),
as expected (Webb & Orr, 1997). The proportions of the different
iron phases in the transmission and fluorescence series are the same
at respective temperatures. All these results demonstrate the usage of
the in situ cell.

4. Conclusions

A new XAFS in situ cell has been designed, constructed and applied.
It is able to reach temperatures up to 1250 K and can record X-ray
absorption spectra in transmission and fluorescence modes. The
sample holder allows for simple sample changing. The cell was
successfully used in the reduction of haematite.

Financial support by the Fonds der Chemischen Industrie is
gratefully acknowledged. We would like to thank HASY-
LAB@DESY for allocating beam time and the HASYLAB staff for
supporting us. Thanks to Ralf Sack (head of our machine shop) for
building the cell.
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Abstract

Iron modified silica and carbon mesoporous materials with similar textural
characteristics are compared in methanol decomposition to H,, CO and CH,. The
influence of the support on the phase composition and reductive properties of the
catalysts is studied by Mossbauer spectroscopy and TPR with hydrogen.

Keywords: Fe,Os/mesoporous silica or carbon, methanol decomposition,
Mossbauer spectroscopy

INTRODUCTION

In the last decades methanol has been regarded as a suitable alternative
source for hydrogen production. For the purpose, various processes are
proposed and among them, catalytic methanol decomposition gains
considerable interest [1]. In our previous studies we demonstrated that in the
case of nanosized iron oxide supported on mesoporous silicas catalysts the
selectivity of this process could be successfully controlled by the state of the
iron particles [2-4]. It was also shown that the dispersion and phase
transformations of the supported iron species essentially vary with the
preparation conditions used, support textural characteristics and with the influence
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of the reaction medium as well. The aim of the present paper is to study the
catalytic behavior in methanol decomposition of iron oxide supported on silica
and carbon mesoporous materials. The compared supports (MCM-48 vs CMK-1
and SBA-15 vs CMK-3) possess similar textural characteristics, since the
mesoporous carbons are prepared by silica-templated synthesis [5] from the
corresponding ordered mesoporous silicas.

EXPERIMENTAL

The parent mesoporous silica (MCM-48 and SBA-15) and carbon (CMK-1
and CMK-3) molecular sieves were synthesized by standard procedures [3,6]
and are characterized with BET surface areas of 1256, 543, 660 and 510 mz/g,
respectively. The Barret-Joyner-Halenda (BJH) pore diameters are about 3.7
(SBA-15 and CMK-3) and 2.5 nm (MCM-48 and CMK-1). The template-free
materials were impregnated with 0.5 M aqueous solution of Fe(NOs);, dried at
room temperature and calcined in a flow of air at 650-670 K for 6 h. The
samples were denoted as Fe/S48, Fe/S15, Fe/Cl and Fe/C3 for MCM-48, SBA-
15, CMK-1 and CMK-3 supports, respectively. The materials obtained were
characterized by X-ray diffraction and nitrogen physisorpton as described in
Ref. [3,6]. The iron content in the samples is about 3.5 wt.%. The Mdossbauer
spectra (MS) were obtained at room temperature as it is described in [2-4]. The
parameters of hyperfine interaction: isomer shift (IS), quadrupole splitting (QS)
and effective internal magnetic field (H.s) as well as the line widths (FWHM)
and the relative weight (G) of the partial components of the spectra were
determined. The temperature-programmed reduction—thermogravimetric
measurements (TPR-TG) were performed in a SETARAM TGDTA 92
microbalance in flow of H, in Ar (50%) with 5 K/min. The methanol
decomposition was carried out in a flow type apparatus with methanol partial
pressure of 1.57 kPa, WHSV of 1.5 h™' and heating rate of 2 K/min in the range
350 — 700 K. Experiments at 670 K were also done. The catalysts were
pretreated at 770 K for 2 h in air or Ar for the silicate and carbon samples,
respectively. On-line GC analysis was used.

RESULTS AND DISCUSSION

The X-ray diffraction patterns and physisorption measurements of the
samples show that iron modification does not affect substantially the structure
of the mesoporous materials [3,6]. In the high angle region only very low or no
reflections typical of iron oxide have been found (not shown). More detailed
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information concerning the state of the supported iron species was obtained by
MS spectroscopy (Table 1). All spectra consist of two-line components (Dbl)
with parameters typical of hematite (Table 1) that could be ascribed to ultrafine
particles (below 10 nm) with superparamagnetic (SPM) behavior. Only in the
case of Fe/Cl, a six-line (Sxt) component with reduced value of H.s and
broadened line width is registered as well (Table 1). The presence of doublet
and sextet components in this sample is evidence for the broad size distribution
of hematite particles (up to 12-13 nm). In order to describe the iron species
more precisely, an idealized core-shell model [3] is applied for the doublets in
the MS spectra (Table 1). The doublet with higher QS values (Dbl2) is
associated with surface iron atoms while the doublet with

Table 1

Mossbauer parameters of iron supported mesoporous silica and carbon samples

Sample Components IS QS H,yy FWHM G
(mm/s) (mm/s) (T) (mm/s) (%)

Fe/S15 Dbl 1-Fe,03-SPM, core 0.36 0.71 - 0.48 76
Dbl 2-Fe,05-SPM, shell 0.36 1.15 - 0.68 24

Fe/S48 Dbl 1-Fe,03-SPM, core 0.34 0.63 - 0.43 51
Dbl 2-Fe,05-SPM, shell 0.33 1.13 - 0.65 49

Fe/C3 Dbl 1-Fe,O5-SPM, core 0.35 0.70 - 0.61 73
Dbl 2-Fe,03-SPM, shell 0.34 1.63 - 1.20 27

Fe/C1 Sx Fe, O3 0.36 -0.10 26.6 1.85 54
Dbl Fe,05-SPM 0.35 0.75 - 0.54 46

lower QS values (Dbl1) belongs to iron atoms from the core of the particles.
The higher ratio of the core to surface ions, which is registered for Fe/S15 and
Fe/C3 in comparison with Fe/S48, could be an indication for the presence of
larger iron oxide particles in the former materials. Moreover, on the basis of
these values, the existence of iron particles with very similar sizes for Fe/S15
and Fe/C3 could be assumed (Table 1). So, in the case of the mesoporous
materials with larger pore diameter (SBA-15 and the corresponding CMK-3),
practically no influence of the support nature on the initial state of the catalysts
is established. On the contrary, for the samples with smaller mesopores (MCM-
48 and the corresponding CMK-1), smaller iron oxide particles are registered
for the silica based sample (Fe/S48). Thus, both textural and hydrophobic
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characteristics of the support seems to control the dispersion of the iron oxide
species and the textural factor has decisive effect only in the case of silica
based materials.
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Fig. 1. DTG curves registered during TPR experiments for Fe/C3 and Fe/S15

The TPR behavior of Fe/S15 and Fe/C3 samples, obtained on different
supports and characterized by very close initial state of the iron oxide (Table 1)
is compared in Fig. 1. The observed reduction peaks in the temperature interval
450-720 K could be associated with Fe(Ill)—>Fe(Il) and Fe(Il)—>Fe(0) reduction
transitions depending on the dispersion of the iron oxide particles and the
support used. Two general effects could be assumed. A broad, not clearly
defined peak with maximum at about 585 K is found for Fe/S15. In contrast,
three peaks (at 574, 641 and 678 K) are registered in the TPR pattern of Fe/C3.
At the same time, different reductive changes during the TPR experiments are
established by MS and XRD data. Metallic iron (about 80 %) is found for
Fe/C3, while predominantly Fe(Ill) — Fe(ll) transition and about 50%
unchanged iron(Ill) oxide species are registered for Fe/S15. Similar effects are
established for Fe/C1 and Fe/S48 as well. Thus, “easier” reduction in the case
of carbon based materials could be assumed and it could be due not only to the
reductive properties of the carbon but also to the weaker iron oxide—support
interaction in this case. The latter is in accordance with Ref. [7], where
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graphite-like character and presence of few functional groups for the
mesoporous carbon are reported. On the contrary, the existence of silanol nests,
together with the preferable location of the iron species at these sites in the
silicas [8], provoke strong iron oxide—support interaction.
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Fig. 2. Total conversion (A) and methane selectivity (B) vs temperature for

various samples

The temperature dependencies of methanol conversion and methane
selectivity are presented in Fig. 2A and Fig. 2B, respectively. The samples
exhibit significant catalytic activity above 650 K and the main registered
carbon-containing products are CO and CH, in all cases. However, higher
capability for methane formation is observed for the silica based materials.
These results are also confirmed by the catalytic experiments at 670 K. About
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90% selectivity to methane is registered for both Fe/S15 and Fe/S48 after 60
min time on stream. On the contrary, under the same conditions, it is 15% and
20% for Fe/C1 and Fe/C3, respectively.

After the catalytic test, the MS spectra show clearly defined changes mainly
in the case of Fe/S15 and Fe/C3. The appearance of a new sextet component
with parameters characteristic of highly dispersed magnetite with G=9% and
75% for Fe/S15 and Fe/C3, respectively is found. Thus, as a whole, reductive
transition under the reaction medium occurs, but despite the similar initial state
of Fe/S15 and Fe/C3, it is more significant for the latter sample. The reductive
properties of the carbon support could not be ignored as a possible reason for
this result. However, the maintenance of higher relative part of unchanged SPM
Fe,O;5 in Fe/S15 (G=91%) in comparison with Fe/C3 (G=25%) could be an
indication also for the stronger iron oxide—support interaction in the former
sample.

In our previous investigations [2-4], a relation between the phase
composition of the iron oxide supported on mesoporous silica materials and
their behavior in methanol decomposition was established. There, the higher
selectivity to CH, or CO was ascribed to the iron oxide transformations due to
the reaction medium to magnetite or iron carbide, respectively. However, in the
present study the observed phase transformations for the carbon based materials
after the catalytic test could not explain their lower selectivity to methane.
Taking into account the similar textural characteristics and the close initial state
of iron oxide, especially for Fe/S15 and Fe/C3, a specific effect of the support
nature could be proposed. As was mentioned above, stronger iron
oxide—support interaction in the case of silica supported materials could be
assumed on the basis of MS and TPR data. In this aspect, higher electron
iron—support exchange for the obtained silica materials could be expected. As a
result the C-O bond cleavage in the methanol molecule seems to be facilitated
leading to methane formation [9,10]. At the same time, the predominant
formation of methoxides and their following decomposition to CO and H, could
be expected for the carbon-based materials [11,12].

In conclusion, variations in the catalytic and reductive properties as well as
in the phase transformations of iron oxide supported materials could be
achieved by changing the support nature. Higher selectivity to H, and CO is
obtained when mesoporous carbon is used as a support instead of silica based
mesoporous materials.
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Abstract

Series of iron oxide supported on CMK-1 and CMK-3 materials obtained by impregnation from aqueous or organic media are
studied by TPR, XAFS, Moessbauer spectroscopy and methanol decomposition as a catalytic test. More highly dispersed iron oxide
particles are obtained using ethanolic impregnation medium, but their dispersion is affected to a low extent by the support pore
structure. On the basis of the combined results on the state and reductive phase transformations of the loaded iron oxide particles,
more accessible CMK-3 in comparison with CMK-1 pore structure is assumed.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

In the last years highly ordered mesoporous carbons
of CMK-n type obtained by the template-synthesis [1-4]
have gained a considerable interest as new nanostruc-
tured materials due to their potential applications as
adsorbents, catalyst supports, hydrogen storage systems
and host structures of advanced electronic materials. It
is known that the pore structure of such type of material
could be controlled readily by the tailoring of the pore
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wall thickness by the used silica template. For CMK-1
[5-7] and CMK-3 [8,9] obtained from MCM-48 and
SBA-15 used as silica matrices, respectively, uniform
mesopores of about 3 and 4.5 nm in size, high BET spe-
cific surface area and large pore volume are observed. A
certain amount of micropores (below 0.9 nm) in both
carbon materials is also found but their volume cannot
be estimated precisely especially in the case of CMK-1
[3] up to now. The CMK-3 structure is visualised as hex-
agonally packed and rigidly interconnected carbon rods
[9] while the CMK-1 structure is composed of two
weakly contacting carbon networks and belongs to the
tetragonal I4,/a or the monoclinic C2/c space group
[10,11]. However, despite the great progress in the inves-
tigation of these novel materials, the detailed character-
ization of the pore structure and connectivity seems to
be an extremely difficult problem and is not fully under-
stood [6,12,13].

It is known that iron supported on activated carbon
has been applied in number of catalytic processes such
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as Fischer-Tropsch synthesis [14], CO and CO, hydro-
genation [15], desulfurisation [16] and dehalogenation
[17], ozone [18] or hydrogen sulfide decomposition
[19], and catalytic removal of SO,, NO and HCI [20].
The advantages of activated carbon over conventional
inorganic supports are in its weak chemical interaction
with the active phase and also in the formation of highly
dispersed supported metal particles due to its high sur-
face area and well developed porosity [21]. The ordered
CMK mesoporous carbons, characterized with uniform
pores, controllable pore diameters, high specific surface
areas and large pore volumes, offer a new possibility to
better control the loaded metal particles dispersion. In
this relation, platinum, ruthenium and palladium modi-
fied CMK carbons have already been described as mate-
rials with remarkably higher catalytic activity compared
to their analogues obtained on other carbons or inor-
ganic supports [2,22,23].

In our previous work [24-26] we have established a
good relationship between the dispersion of supported
haematite nanoparticles on different mesoporous silicas,
their reductive phase transformation and catalytic
behaviour in methanol decomposition to hydrogen, car-
bon monoxide and methane. However, practically no
information of that kind for the analogues mesoporous
carbon based materials exists. For that reason, the aim
of the present paper is to study the effect of the textural
characteristics of CMK-1 and CMK-3 on the state,
reductive and catalytic properties in methanol decompo-
sition of the supported iron oxide. Special attention is
paid to the comparison of the latter effects with the cor-
responding ones for the iron modified mesoporous
silicas.

2. Experimental
2.1. Materials

The modified CMK-1 and CMK-3 materials were
prepared as described in [27] by a wet impregnation pro-
cedure with 0.5M (0.5Fe) or 5M (5Fe) solutions of
Fe(NO3); from aqueous (Method A) or ethanolic
(Method B) medium, respectively. Using 0.5 and 5 M
solutions, samples with 3% and 17 wt% iron content
are obtained. The samples were dried under the follow-
ing conditions: (i) at room temperature for 6 h in oil
pump vacuum. Finally the impregnated materials were
calcined in a flow of air at 623 K for 10 h leading to
the transformation of the iron nitrate into iron oxide.
The reference samples (0.5FeR and 5FeR with 3% and
17% iron, respectively) were prepared by the same
impregnation procedure in aqueous medium. In this
case a carbon material with not well developed porosity
and a specific surface area of 180 m*/g was used as a
support.

2.2. Methods and apparatus

Powder X-ray diffraction (XRD) data were recorded
on a Bruker AXS D8 advanced diffractometer (CuKa)
in 0/0 geometry with a secondary monochromator.
Nitrogen isotherms were recorded at 77 K using a static
volumetric technique (Quantachrome Autosorb 1).
Before the physisorption measurements the calcined
samples were outgassed at 393 K for 15h under vac-
uum. The pore size distributions were calculated using
the adsorption or desorption branch of the sorption iso-
therm and applying the Barret-Joyner—Halenda (BJH)
formula [28].

X-ray absorption spectroscopic measurements were
carried out at the storage ring DORIS III (HASYLAB,
DESY, Germany) at the EXAFS 11 beam line which was
equipped with a Si(111) double crystal monochromator.
The FeK-edge spectra were recorded in fluorescence
mode up to 4 times to improve the signal to noise ratio
after summation. All samples were measured as fresh
pressed boron nitride pellets. Data preparation (e.g.
energy calibration, background removal, pg-setting,
Fourier transformation) as well as data analysis were
carried out with the program WinXAS3.0 [29]. For the-
oretical calculations the software FEFF7 [30] was used.

The TPR-TGA (temperature programmed reduction—
thermogravimetric analysis) investigations were per-
formed in a Setaram TG92 instrument. Usually, 40 mg
of the sample were placed in a microbalance crucible
and heated in a flow of 50vol.% H, in Ar (100
cm’/min) up to 723 K at 5 K/min and a final hold-up
of 30 min. Prior to the TPR experiments the samples
were treated in-situ in a flow of argon up to 773 K at
a rate of 3 K/min followed by a hold-up of 1 h.

The Moessbauer spectra were obtained at room tem-
perature with a Wissel (Wissenschaftliche Elektronik
GmbH, Germany) electromechanical spectrometer
working in a constant acceleration mode. A ¥’Co/Cr
(activity = 10 mCi) source and an a-Fe standard were
used. The experimentally obtained spectra were fitted
to mathematical processing according to the least
squares method. The parameters of hyperfine interac-
tion such as isomer shift (IS), quadrupole splitting
(QS), the effective internal magnetic field (H.g), the line
widths (FWHM), and the relative weight (G) of the par-
tial components in the spectra were determined. In some
cases the value of QS was calculated by a simple idea-
lized core-shell model according to the Refs. [25,31].

2.3. Catalytic test

The catalytic experiments were performed in a fixed-
bed reactor (0.1 g catalyst) at a methanol partial
pressure of 1.57 kPa and a WHSV of 1.5h ! [25]. The
temperature was raised with a rate of 1 K/min in the
range of 350-700 K. Selected experiments were carried
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out under isothermal conditions at 670 K and a WHSV
of 2.5h~!. The on-line gas chromatographic analysis
was performed on Porapak Q and molecular sieve col-
umns using an absolute calibration method. Before the
catalytic experiments the samples were pretreated in-situ
in argon at 773 K for 2 h.

3. Results and discussion

3.1. Physicochemical characterization of iron modified
mesoporous materials

3.1.1. Powder X-ray diffraction

Powder X-ray diffraction patterns show the preserva-
tion of the host structure after the impregnation process
(Fig. 1). However, for all modified samples the X-ray
peak intensities are reduced most probably due to pore
filling. In the high angle region practically no reflections
typical of iron oxide have been found, which is an evi-
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Fig. 1. PXRD of (A) CMK-1, 0.5FeCMK-1A and SFeCMK-1A and
(B) CMK-3, 0.5FeCMK-3A and 5FeCMK-3A.

dence for the formation of nanosized iron oxide
particles.

3.1.2. Physisorption measurements

Figs. 2 and 3 exhibit the nitrogen physisorption iso-
therms of selected host/guest compounds as well as the
corresponding pristine materials. All isotherms are of
type IV (IUPAC classification [32]) typical for mesopor-
ous materials. For all samples a reduced amount of
physisorbed nitrogen combined with a small shift of
the inflection point to lower values p/py after loading is
observed.

The pore size distributions (see the insets of Figs. 2
and 3) are slightly shifted to smaller values in contrast
to the host materials. This effect is due to the mesopore
filling with the iron oxide. Beside the reduction of the
pore sizes, a slight broadening of the distributions is
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Fig. 2. Nitrogen adsorption/desorption isotherms (77 K) of CMK-1,
0.5FeCMK-1A and 5FeCMK-1A. Insets depict the corresponding
pore diameter distributions (BJH) calculated from the adsorption
branch.
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Fig. 3. Nitrogen adsorption/desorption isotherms (77 K) of CMK-3,
0.5FeCMK-3A and 5FeCMK-3A. Insets depict the corresponding
pore diameter distributions (BJH) calculated from the desorption
branch.
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Table 1
N, physisorption data of the samples under investigation 0.037
Sample SBET D, (BJH) Fe,O5 content SBET red 0.02
[m%/g] [nm] [weight %) [m?g]
CMK-1 1325 225 - - % 0.014
0.5FeCMK-1A 1049 2.20 3 40 x
0.5FeCMK-1B 1011 2.21 3 40 f 0.009 &
SFeCMK-1A 773 2.19 17 225 w
5FeCMK-1B 756 218 17 225 SR
CMK-3 743 3.69 - - —=— 5FeCMK-1A
0.5FcCMK-3A 508  3.65 3 2 Sty —O— least-squares fit
SFeCMK-3A 399 3.63 17 126
SFeCMK-3B 386 3.62 17 126 -0.031

Sget: total surface area by BET theory; D, (BJH): BJH mean pore
diameter; Sggt rea: reduction of the BET surface due to the introduc-
tion of Fe,Os.

observed for the host-guest compounds. A summary of
the specific surface areas and the mean pore diameters
of all compounds are listed in Table 1. One has to keep
in mind that the loading of the host material itself leads
to a reduction of the specific surface area. The values of
these reductions as well as the weight contents of Fe,O3
are listed in Table 1, too.

3.1.3. X-ray absorption spectroscopy

X-ray absorption spectroscopic measurements were
carried out at the Fe K-edge in order to prove the forma-
tion of nanostructured iron(IIl) oxide and to gain
knowledge on the iron coordination. Fig. 4 exhibits
exemplarily the Fourier transforms (not phase cor-
rected) of the FeK-edge EXAFS oscillations y(k)*k>
of 0.5FeCMK-1A as well as of bulk haematite as refer-
ence compound. A strong reduction of the Fe-Fe shells
is to be seen for all samples in contrast to bulk haema-
tite. This effect is still known for nanosized iron oxides
[27,33,34]. As an example, Fig. 5 shows the modified
radial distribution function of a sample and the corre-
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Fig. 4. Modified radial distribution function of the FeK-edge oscil-
lations y(k)k> of 0.5FeCMK-1A and bulk haematite.

RIA
Fig. 5. Modified radial distribution function of 5SFeCMK-1A and the
results of the corresponding least-squares fit.

sponding least-squares fit. The EXAFS results of bulk
haematite are in good agreement with results extracted
from single crystal data, see Table 2. In contrast to bulk
haematite, a reduction of the coordination numbers in
the host/guest compounds is observed. This is due to sta-
tic disorder effects and small particle sizes of the iro-
n(IIl) oxides. In contrast to bulk haematite the first
iron-iron shells of the nanoparticles appear at about
2.90-2.95 A, a distance which is in between face-shared
(<2.9 A) and edge shared (2.95-3.28 A) iron oxide octa-
hedra [35,36]. Taking all this into account we assume
that the first three iron—iron shells are formed by edge
shared and the fourth by corner-shared octahedra.

So far, the combination of the applied characteri-
zation methods show the preservation of the support
structure during the wet impregnation process and the
formation of nanosized haematite-like iron oxide pre-
dominantly inside the pores of the mesoporous host
material [25,27,33].

3.1.4. Moessbauer spectroscopy

Further information upon the state of iron species
was obtained by Moessbauer spectroscopy. The Moess-
bauer data of the air-pretreated samples are presented in
Table 3. The recorded spectra (not shown) consist of
lines of doublets (Dbl) and/or sextets (Sxt). The deter-
mined IS values are typical of high spin Fe(IIl) ions in
octahedral co-ordination. The sextet component in all
samples (except 0.5FeCMK-1A) is characterised with
parameters close to those of a-Fe,O; (Table 3). The
low values of H.y and asymmetrically broadened lines
in the case of 0.5FeCMK-1A could be evidence for the
presence of highly dispersed haematite-like particles
(HD) with different sizes up to D =~ 12-13 nm. The dou-
blet component in the spectra is assigned to iron (I1I)
oxide with ultra-low particles sizes and superparamag-
netic properties (SPM). Taking into account the CMK
pore diameters the particle size with D < 3-4 nm could
be assumed. However, the variations in the Sxt/Dbl
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Table 2

Refined structure parameters of the Fe-Fe shells of different host/guest compounds and bulk haematite as reference as well corresponding results

extracted from single-crystal data of haematite

SFeCMK-1A 5FeCMK-1B 5FeCMK-3A S5FeCMK-3B Bulk haematite Haematite s.c.

N 0.63 0.75 0.52 0.66 0.99 1
R[A] 2.94 293 2.90 291 2.89 2.89
Ac? [A?) 0.004 0.004 0.004 0.004 0.004 =
N 1.31 1.47 1.27 1.29 2.99 3
R[A] 3.00 2.9 2.99 2.9 2.97 2.96
Ac” [A7] 0.005 0.004 0.004 0.005 0.004 =
N 0.66 0.70 0.71 0.69 3.01 3
R[A] 3.19 3.21 3.20 3.20 3.37 3.35
Ad® [A?] 0.002 0.003 0.003 0.002 0.004

N 0.60 0.59 0.82 0.78 5.13 6
R[A] 3.48 3.49 3.60 3.62 3.68 3.69
Ac” [A7] 0.004 0.004 0.004 0.003 0.004 =
AE, 3.8 4.9 —6.3 -39 —4.2 =

N: coordination number; R: bond length; Ac>: Debye—Waller factor; AEy: energy shift; s.c.: single crystal data [25].

Table 3
Moessbauer parameters of air-pretreated samples
Sample Components 1S [mm/s] QS [mm/s] H [T] FWHM [mm/s] G [%)]
0.5FeCMK-1A Sxt-Fe,04 0.36 —0.10 26.6 1.85 54
Dbl-Fe,05-SPM 0.35 0.75 0.54 46
0.5FeCMK-3A Dbl 1-Fe,05- SPM, core 0.35 0.70 0.61 73
Dbl 2-Fe,O3-SPM, shell 0.35 1.63 - 1.20 27
SFeCMK-1A Sxt-Fe,05 0.37 —0.10 51.1 0.37 60
Dbl-Fe,05-SPM 0.35 0.74 - 0.53 40
5FeCMK-3A Sxt-Fe,05 0.37 —0.10 51.4 0.39 63
Dbl-Fe,03-SPM 0.34 0.74 - 0.62 37
0.5FeCMK-1B Dbl 1-Fe,O3-SPM, core 0.35 0.66 - 0.44 56
Dbl 2-Fe;05-SPM, shell 0.35 0.99 - 0.66 44
5FeCMK-1B Sxt-Fe,O3 0.38 —0.10 51.7 0.43 27
Dbl-Fe,03-SPM 0.35 0.80 - 0.59 73
SFeCMK-3B Sxt-Fe,0; 0.38 —0.10 51.8 0.37 28
Dbl-Fe,05-SPM 0.35 0.82 0.53 72
0.5FeR Dbl 1-Fe,05-SPM, core 0.36 0.59 - 0.43 50
Dbl 2-Fe,0;-SPM, shell 0.36 1.00 - 0.53 50
SFeR Sxt-Fe,04 0.37 —0.10 513 0.33 94
Dbl-Fe,05-SPM 0.36 0.74 0.50 6

IS: isomer shift; QS: quadrupole splitting; Hep: effective internal magnetic field; FWHM: full line width at half maximum; G: relative weight of the
partial components in the spectra; Dbl: doublet; Sxt: sextet.

components relative weights for the studied samples are
observed and this could be ascribed to differences in the
iron particles size distribution with their sizes. The high-
er relative weights of the doublet component (usually
above 70%) which is found for the ethanolic samples
in comparison with the corresponding aqueous ones
(Table 3) could be an evidence for the higher iron oxide
dispersion in the former materials. The favourable effect
of the ethanolic medium on the supported iron oxide
dispersion is well demonstrated for the samples with
lower iron loading where only a Dbl component is

found in the spectrum (0.5FeCMK-1B). For these sam-
ples an idealised core-shell model is applied in order to
obtain more information from their spectra. The dou-
blet with higher QS values is associated with surface iron
atoms while the doublet with lower QS values belongs to
iron atoms from the core of the particles. Here
(0.5FeCMK-1B), the relative part of each type of ions
is about 50% and it could be an evidence for the pres-
ence of very highly dispersed iron oxide particles. How-
ever no well-defined effect of the support pore structure
on the iron particles dispersion could be established.
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Practically similar ratios of HD/SPM haematite parti-
cles are found for 5SFeCMK-1 and 5FeCMK-3 despite
the variations in the impregnation medium (Table 3),
while predominately presence of HD species (G = 94%)
is registered for the sample without regular pore struc-
ture (5FeR). At the same time at lower iron loading
more highly dispersed haematite particles are observed
for 0.5FeCMK-3A and 0.5FeR in comparison with
0.5FeCMK-1A. For the former materials MS spectra
represent only quadruple doublets with core/shell ratio
of about 2.7 and 1, respectively.

3.2. TPR experiments

The TPR patterns of 0.5FeCMK-1A and
0.5FeCMK-3A samples are compared in Fig. 6. The
observed reduction peaks in the temperature interval
of 450-720 K could be associated with Fe(I1I) — Fe(II)
and Fe(Il) — Fe(0) reduction transitions depending on
the dispersion of the iron oxide particles and the support
used. The data from the Moessbauer (Table 4) and

0.5FeCMK-1A
=
.E. 0.5FeCMK-3A
Qo
=
a
639 672
30 min. at 720 K
T /A
400 560 7%
T [K]

Fig. 6. DTG curves registered during TPR of 0.5FeCMK-1A and
0.5FeCMK-3A.

XRD (not shown) measurements for the studied samples
after the TPR experiments show predominantly the
appearance of metal iron in all iron-modified samples.
Higher reduction extent is found for both CMK-3A
materials in comparison with their CMK-1A analogues
(Table 4).

3.3. Catalytic study

In Fig. 7(A) are compared the temperature dependen-
cies of methanol decomposition for various iron modi-
fied mesoporous carbons. In Fig. 7(B) are shown data
on the products distribution (represented as methane
selectivity) in this process under the same conditions.
Depending on the iron loading, a significant catalytic
effect is observed just above 670 and 625 K for the
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Fig. 7. Methanol conversion (A) and methane selectivity (B) vs.
temperature on various iron modified mesoporous carbons.

Table 4

Moessbauer parameters of selected samples after TPR experiments

Sample Components IS QS H FWHM G

[mm/s] [mm/s] [T] [mm/s] [%]

0.5FeCMK-1A Sxt-a-Fe 0.00 0.00 33.1 0.60 70
Dbl-Fe,O3-SPM 0.36 0.75 - 0.70 30

0.5FeCMK-3A Sxt-a-Fe 0.00 0.00 33.0 0.62 83
Dbl 1-Fe,03-SPM 0.36 0.96 - 0.50 10
Dbl 2-Fe** 0.86 1.48 - 0.50 7

SFeCMK-1A Sxt-o-Fe 0.00 0.00 33.0 0.29 79
Dbl-Fe,05-SPM 0.36 0.84 0.72 21

SFeCMK-3A Sxt-a-Fe 0.00 0.00 33.0 0.36 95
Dbl-Fe,05-SPM 0.36 0.90 - 0.50 5

IS: isomer shift; QS: quadrupole splitting; Hey: effective internal magnetic field; FWHM: full line width at half maximum; G: relative weight of the

partial components in the spectra; Dbl: doublet; Sxt: sextet.
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0.5FeCMK and 5FeCMK series of samples, respec-
tively. The main registered carbon containing products
in all cases are CO and methane. No essential differences
in the total methanol conversion were found in each ser-
ies of modified materials (Fig. 7(A)). In contrast, the
pore structure of the support and the impregnation med-
ium affect significantly the product distribution at each
temperature (Fig. 7(B)). As a whole, a higher ability to
methane formation is observed for the samples obtained
by the ethanolic impregnation medium while for all
aqueous obtained samples the methane selectivity
remains below 40% in the whole investigated tempera-
ture interval. At the same time higher methane selectiv-
ity is found for CMK-1A based materials in comparison
with CMK-3A ones. Practically no methane is registered
for 5SFeCMK-3A. These effects are also confirmed by the
catalytic experiments under isothermal conditions (Fig.
8). Here, the methane selectivity decreases with time
on stream (Fig. 8(B)) and this is more significant for
0.5FeCMK-3A compared to 0.5FeCMK-1A. A well-
defined tendency for the catalytic activity decrease
during the experiment is also found (Fig. 8(A)). Thus,
some changes with the iron species due to the influence
of the reaction medium could be proposed.
Moessbauer data of the samples after the catalytic
test are shown in Fig. 9 and the corresponding parame-
ters are presented in Table 5. The MS spectra represent
the superposition of sextets and a doublet with different
relative weight. The sextets belong to highly dispersed
magnetite and as a whole, its relative weight is higher
compared to the sextet parts in the spectra of the corre-
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Fig. 8. Methanol conversion (A) and methane selectivity (B) vs. time
on stream at 670 K on various iron modified mesoporous carbons.
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Fig. 9. Moessbauer spectra of 5FeCMK-1A (a), 5SFeCMK-3A (b),
SFeCMK-1B (c) and 5FeCMK-3B (d) after catalytic test.

sponding air-pretreated materials. The doublet part
could be ascribed to the presence of unchanged SPM
haematite particles. Only in the case of SFeCMK-3A
an additional component with parameters of a-Fe and
G = 27% is also registered. Thus, two general effects with
the state of the iron oxide species due to the reaction
medium influence could be assumed. First, the reductive
changes, predominantly to magnetite, occur with all the
studied materials. They concern not only the HD hae-
matite particles but a part of the SPM species as well.
Next, a well-defined tendency for the iron particles
agglomeration is also established. These effects are more
significant for the CMK-3 based materials in compari-
son with the corresponding CMK-1 for both series (A
and B) samples. Similar favourable effect of the CMK-
3 structure on the haematite reduction transformations
and agglomeration processes is also observed during
the TPR experiments (Table 4). There, the relative part
of the unchanged SPM haematite after the TPR treat-
ment is less for both 0.5FeCMK-3 and SFeCMK-3 in
comparison  with  their  corresponding CMK-1
analogues.

In conclusion, the combined physicochemical data
(MS, XRD, TPR) show that the initial dispersion of
the iron oxide particles supported on the mesoporous
carbons strongly depends on the impregnation medium
used during their preparation. More highly dispersed
iron modified samples are obtained by using of ethanolic
solution. However, the pore structure of the support
seems to affect the iron state to a very low extent which
is in contrast with the analogous mesoporous silica
based materials [26]. Here, the relative part of HD and
SPM iron oxide particles is almost similar for all ethan-
olic obtained samples. At the same time, several not very
clear effects of the support structure are established for



2 Veroffentlichungen - V2.4

Seit86

340 C. Minchev et al. | Microporous and Mesoporous Materials 81 (2005) 333341

Table 5

Moessbauer parameters of selected samples after the catalytic test

Sample Components IS [mm/s] QS [mm/s] Hp [T] FWHM [mm/s] G [%]

5FeCMK-1A Sxt 1-Fell Fe;0," 0.23 0.00 49.1 0.50 67
Sxt 2 -Fe%3! Fe;0," 0.66 0.00 457 0.39 31
Dbl-Fe,05-SPM 0.37 0.60 - 0.35 2

5FeCMK-3A Sxt 1-Fell, Fe;0," 0.28 0.00 49.1 0.41 30
Sxt 2-Fe2! Fes0," 0.68 0.00 459 0.52 43
Sxt-o-Fe 0.00 0.00 33.0 0.33 27

5FeCMK-1B Sxt I-Fel/, Fe;0,” 0.29 0.00 493 0.49 9
Sxt 2-FeZo! Fes0," 0.71 0.00 46.3 0.56 18
Sxt 3-Fe;0," 0.55 0.00 355 1.13 18
Dbl-Fe,03;-SPM 0.39 0.89 - 0.86 55

5FeCMK-3B Sxt 1-Fell, Fe;04" 0.30 0.00 493 0.40 18
Sxt 2-Feg) FesO4” 0.65 0.00 46.3 0.45 26
Sxt 3-Fe;04 0.55 0.00 32.1 1.20 40
Dbl-Fe,03-SPM 0.37 0.90 - 0.72 16

IS: isomer shift; QS: quadrupole splitting; Heg: effective internal magnetic field; FWHM: full line width at half maximum; G: relative weight of the

partial components in the spectra; Dbl: doublet; Sxt: sextet.

* Sxt I»Fef;;,.u and Sxt 2- l-‘eifm belong to Fe;0, large particles; Sxt 3 is a result of overlapping between Fe,

small particles.

the aqueous prepared materials (Table 3). In this
respect, the initial state of the iron oxide for both types
of mesoporous carbon materials is predominantly deter-
mined by the hydrophobic graphitic surface nature of
the support [3,4] and its different wetting with various
impregnation media.

Well-defined effects of the iron oxide particles reduc-
tion transitions combined with their simultaneous
agglomeration could be established due to the influence
of the various reductive treatments (hydrogen or reac-
tion medium). However, the observed phase transfor-
mations are more significant for the CMK-3 structure
compared to the corresponding CMK-1 one (Tables 4
and 5), even in the case of the samples with very similar
iron oxide initial state (Table 3). The presence of few
functional groups on graphite-like carbon surface is
reported for these materials [3,4] and as a result the exis-
tence of weak iron oxide-support interaction could be
assumed. So, the reductive phase transformations seem
to be determined predominantly by the iron species dif-
fusion along the support pore channel system. In our
opinion, the phase transformation of the hosted iron
oxide species under the reductive conditions provides
valuable information for the pore structure of these
novel mesoporous carbons. In this aspect, a more acces-
sible pore structure could be concluded to be present
within CMK-3 in comparison with CMK-1 materials.

In our previous study the relation between the phase
composition, the iron particles dispersion and the selec-
tivity to methane in methanol decomposition on iron
oxide modified mesoporous silicas was assumed [25].
Higher methane selectivity was observed for the samples

3+

. 225+ 3 f
era and Fegy, components of Fe;Oy

with higher degree of magnetite formation during the
catalytic test. At the same time, methanol was decom-
posed exclusively to CO when iron carbide forms under
the same conditions. However no similar direct correla-
tion for the carbon modified materials could be estab-
lished. The relative part of magnetite in the samples
after the catalytic test (700 K) changes as follows:
SFeCMK-1A > 5FeCMK-3B > SFeCMK-3A > 5FeCMK-
1B, (a-Fe is also found only for SFeCMK-3A). At the
same time the methane selectivity decreases in the order:
SFeCMK-3B > 5FeCMK-1B ~ 5FeCMK-1A >>> SFeCMK-
3A. We think, that the observed effect could be due to
the complex factors, which determine the final state of
iron under the reductive medium. Some possible
changes in the reaction mechanism of the methanol
decomposition [37-40] due to the weak iron/support
interaction could not be excluded as well.

4. Conclusion

The dispersion of iron oxide nanoparticles supported
on the mesoporous carbons could be controlled by the
impregnation medium used during the impregnation
process. However it is not strongly affected by the pore
size of the support in comparison with the correspon-
ding silica materials. The changes in the iron state under
different reductive media are more significant for the
CMK-3 structures compared to the CMK-1 ones due
to the better structure connectivity of the former mate-
rial. On the contrary to the analogous modified meso-
porous silicas, here no clear relationship between the
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initial state of the iron oxide particles, their phase trans-
formations during the catalytic test and the observed
methane selectivity in methanol decomposition is
established.
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1. Introduction

The reduction behaviour of 3d metal oxides has been inves-
tigated for more than a century, particularly for the system
Fe,0; — Fe;0, — Fe,_ O — Fe’ for which multiple
experimental and theoretical studies have been carried out. In
fact, the members of this group act in a sense often as model
compounds for the varieties of transition metal oxides. This
system was chosen owing to its application in e.g. catalysis or
in potential hydrogen storage. Many experiments have been
performed in order to learn more about the properties of the
iron oxides or to study their redox behaviour, resulting in
numerous papers and books (Bajt et al., 1994; Becker et al.,
1995; Cornell & Schwertmann, 2003; Darken & Gurry, 1946;
de Masi et al., 2002; Diinwald & Wagner, 1931; Fjellvag et al.,
2003; Froba et al., 1999; Kéhn & Froba, 2003; Kohn e al., 2003;
Rao & Moinpour, 1983).

New access to nanosized particles is provided by their
synthesis within confined spaces of defined solid host mate-
rials. Generally, these spaces are ordered pores which serve as
size-limiting matrices for the nanostructured guest species.
Very often these host/guest compounds exhibit different
physical and chemical properties in comparison with the
respective bulk materials. For example the system
Cd;_ Mn, S@MCM-48 silica shows strong size dependencies
on the magnetic and optical properties of the guest compound
(Brieler et al, 2005; Klar et al, 2004); the systems
Fe,0;@SBA-15 silica and Fe,0;@CMK-3 carbon exhibit
catalytic activities different from that of bulk haematite
(Minchev et al., 2005; Tsoncheva et al., 2004). Depending on
the reaction conditions it is also possible to form different

Keywords: XAFS; in situ; nanostructured iron oxide; mesoporous carbon; reduction;

nanostructured phases, e.g. magnetite owing to the intra-pore
reduction of haematite, an example we will examine in this
study. For a deeper insight into the redox behaviour of metal
oxides, in situ X-ray absorption spectroscopy (XAS) is a very
good probe for investigating these properties.

The present work undertakes the first study on the reduc-
tion behaviour of nanosized iron(IIT) oxides formed in
mesoporous carbon atoms in comparison with the respective
bulk materials. Apart from that it shows the potential of in situ
XAS studies for gaining knowledge (in a simple manner) on
redox processes.

2. Synthesis and experimental

Nanostructured X-ray amorphous iron(IIlI) oxides were
synthesized inside the pore system of mesoporous carbon
CMK-1 (pore diameter ~ 3 nm), first reported by Huwe &
Froba (2003). The almost exclusive intra-pore formation of
these nanosized particles and the preservation of the host
structure during the synthesis procedure was proved by
powder X-ray diffraction, nitrogen physisorption, transmis-
sion electron microscopy, Raman and X-ray absorption spec-
troscopy.

The in situ reductions were carried out in a specially
designed and constructed cell (Huwe & Froba, 2004) at the
beamline EXAFS II (E4) at the storage ring Doris III
(HASYLAB @ DESY, Hamburg, Germany). All spectra were
recorded in fluorescence mode using a single-crystal Ge
detector.

For the measurements the nanostructured host/guest
compound as well as bulk haematite were pressed into boron

|. Synchrotron Rad. (2006). 13, 275-277
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nitride pellets. As reduction gas, 4% hydrogen in nitrogen was
used with a flow rate of 25 cm® min~". The spectra series were
taken in the temperature range 300-1000 K (heating rate
5Kmin~') with a spectrum recorded every 15K under
continuous heating.

The respective series of XANES spectra were analyzed
using the program WinXAS (Ressler, 1998). After common
data reduction procedures a principal component analysis
(PCA, factor analysis) (Malinowaski & Howery, 1980; Ressler
et al., 2000) was carried out with respect to the corresponding
reference spectra of the bulk materials. For a discussion of the
results one has to take into account that the detection limit of
the PCA is about 4-5%. The required reference spectra were
recorded from commercially available oxides and metals in
nitrogen atmosphere at the temperatures where they occur in
the products during the reduction process.

3. Results and discussion

A series of energy-calibrated, normalized and background-
corrected spectra of the reduction of Fe,O;@CMK-1 are
shown in Fig. 1. Clearly visible is the decrease in the white-line
intensity and changes in the EXAFS oscillations during the
reduction process. In the XANES a change in the pre-edge
region accompanied by an 8 eV shift of the absorption edge
to smaller energies for the transformation Fe,O; — Fe’
is observed.

The occurrence of the different phases of the host/guest
system (extracted from the XANES) is shown in Fig. 2(a). The
reduction process starts at about 580 K and ends at about
890 K. The first reduction product is magnetite. The major part
of Fe;0, is reached at 683 K (89%). This followed a decrease
owing to the formation of Fe; O, a non-stoichiometric
wiistite phase. At 720 K the partition of Fe;0, is equal to those
of Fe;_,O (~48% each). Fe;O, occurs up to ~800 K. The
formation of Fe,_,O starts at about 650 K, has a maximum at
760 K (91%) and decreases due to the reduction to Fe’.

Fig. 2(b) exhibits the corresponding results for the bulk
haematite. At first glance the phases formed are the same, but
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Figure 1

Temperature-dependent in situ XAS measurements at the Fe K-edge of
Fe,0;@CMK-1 during reduction with hydrogen in nitrogen.

the redox processes take place over a different temperature
range. A more detailed presentation is shown in Figs. 3(a) and
3(b). Here the occurrence (as a function of the reduction
temperature) of the respective phases in the case of the host/
guest compound and the bulk material is compared. The
reduction process starts at 650 K for the bulk material and
ends at about 800 K. In contrast, the nanostructured host/
guest system already begins to react at 580 K, an effect
probably caused by the very small particle size (~3 nm) which
leads to a higher thermochemical reactivity. In addition, the
temperature interval in which the phase transformations occur
is two times larger for Fe,O;@CMK-1 (AT >~ 310 K), an effect
which could be due to the intra-pore diffusion limitations for
the gaseous species. While for the host/guest compound the
reduction to Fe;O, has already reached its maximum (at
683 K), that of bulk haematite has just started. The formation
of the bulk Fe;_,O phase has its maximum almost at the same
temperature as Fe,;_,O@CMK-1, but the reduction to Fe" is
much faster. Another difference between the host/guest
compound and the bulk material is the maximum concentra-
tion of the two intermediate phases Fe;O,4 and Fe;_,O. Owing
to the broader temperature range (caused by slower kinetics)
the overlap of the different regimes of occurrence is reduced
in the case of the host/guest compounds, which results in
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Figure 2

Occurrence of the respective iron oxide phases during the reduction
process of (a) Fe;O;@CMK-1 and (b) bulk haematite.
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Comparison between the respective iron oxide phases occurring during
the reduction process of Fe,0;@CMK-1 and bulk haematite: (a) bulk
Fe;0, and bulk Fe,_ O versus Fe;0,@CMK-1 and Fe,_,O@CMK-1; (b)
bulk Fe,O5 and bulk Fe’ versus Fe,0;@CMK-1 and Fe’@CMK-3.

contents of above 90% for the single phases. In contrast, the
bulk material always exhibits mixtures of at least two (some-
times even three) phases which of course decreases the
content of the respective majority phase. In general, one can
say that the kinetics of the reduction steps Fe,O; — Fe;O, —
Fe,_.O — Fe” are affected by the spatial and chemical
environment. In the case of the host/guest compound the
reduction starts at lower temperatures which can be attributed
to the much smaller particle size. Nevertheless, there might
also be some influence from the carbon host structure which
could promote the reduction of the haematite. In conclusion, it
seems that in the case of the host/guest system the reduction
reactions are not that fast compared with the bulk material,
which is probably caused by diffusion limitations. Never-
theless, this allows a much better separation of the respective
single phases in comparison with the bulk material, an effect
which might be useful for further studies.

4. Conclusion

This study shows the first results on the reduction of iron oxide
nanoparticles within a mesoporous carbon CMK-1 host

structure. The thermochemical behaviour was monitored by
temperature-dependent in situ X-ray absorption spectroscopic
measurements. While the reduction of the nanoparticles starts
at lower temperatures, the velocity of the following transfor-
mations are slowed down in comparison with the bulk material
which allows a much better separation of single phases. In
summary, one can say that the kinetics of the reduction steps
Fe,03 — Fe;0, — Fe,_,0 — Fe’ are mainly affected by the
particle size as well as the spatial and chemical environment.

The authors would like to thank HASYLAB@DESY for
allocating beam time and financial support. Further financial
support by the Justus Liebig University Giessen and the Fonds
der Chemischen Industrie is gratefully acknowledged.
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Abstract This work is devoted to the EXAFS analysis of
nanostructured iron(Ill) oxide synthesized inside the pore
system of mesoporous carbon CMK-1. A detailed study of
the recording, preparation and evaluation of data recorded
in fluorescence mode at the iron K-edge with and without
multiple scattering is shown. The results obtained show
that the local structure of Fe** inside nanostructured iron
(IIT) oxide is different to that of the bulk material. Due to
the small particle size, data analysis is much more difficult
and data preparation more complex. Incorporating multiple
scattering paths in the Fourier transforms and back-trans-
forms during data evaluation gives structural insights that
cannot be obtained using other spectroscopic methods, and
this technique was used to draw conclusions about the first
four coordination spheres of the nanostructured iron(III)
oxide.

Keywords Fe-K XAFS - Nanostructured host/guest
compounds - Mesoporous carbon - Nanostructured
iron(IlI) oxide

Introduction

In recent years a variety of nanostructured host/guest com-
pounds have been studied by several research groups. The
mesoporous silica phases MCM-48 and SBA-15 silica are
in the focus of much of this research. Numerous reports
have been published on the incorporation of metal atoms
into mesoporous MCM-48 (metal atoms such as Ag [1], Co
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[2, 3], Cu [3, 4], Fe [3-8], La [9], Mn [10], Ni [3], Pb [5],
Pd [11],Ti [12-15], V [16-18], Zn [5]) and into meso-
porous SBA-15 (metal atoms such as Ag [19], Au[19], Cd
[20], Fe [21] Ge [22], Mn [20, 23], Pd [24], Pt [19], Ti
[25]). These nanostructured host/guest compounds are of
interest for a wide number of applications in materials
science, such as in catalysis [3-5, 9, 16, 26, 27], magnetic
and diluted magnetic semiconductors [20, 23], and mag-
netic studies [8].

A new family of host structures, mesoporous carbons,
was introduced to host/guest chemistry in 2001 [28-34].
The advantages of mesoporous carbons over mesoporous
silica phases include their stability in strong acids and
bases. They are also stable under high pressure and have a
reducible matrix. Joo et al. [35] first reported on platinum
nanoparticle incorporation into the mesoporous carbon
CMK-3. The electrocatalytic activity of his host/guest
compound for oxygen reduction was tested, which may be
relevant to fuel-cell devices. In 2003, the authors reported
on the incorporation of iron(I1l) oxide inside the pore sys-
tem of mesoporous carbon CMK-1 [36]. The focus then
turned to the intrapore synthesis of iron(II) oxide. EXAFS
(extended X-ray absorption fine structure spectroscopy)
experiments were carried out to obtain information on the
local structure of the iron(Ill) oxide. This new nanostruc-
tured host/guest compound Fe,O3;@CMK-1 was found to
be highly desirable for catalysis (of methanol decomposi-
tion for instance [37, 38]) and advanced magnetic material
preparation after intrapore reduction of the iron(1lI) oxide.

Gathering information on the local structure and oxida-
tion state of the guest species is a very important activity in
host/guest chemistry. EXAFS is often used to characterize
nanostructured metal oxides in host materials [3, 6, 38—42].
These EXAFS evaluations are mostly restricted to the first
three metal-metal coordination shells. In this case, the
radial distribution function (and therefore the potential
structural insights that this could provide) is not fitted, and
results are not refined by incorporating multiple scattering
paths.

The crystal structure of alpha iron(Ill) oxide was first
solved by Pauling and Hendricks in 1925 [44]; it was then
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refined in 1966 by Blake [45], the results of which are still
valid today. Submicron iron oxide particles can be syn-
thesized with average crystallite dimensions of up to 5 nm
using wet chemical techniques with stabilization proce-
dures [43-47]. Nevertheless, these procedures reveal a
broad size distribution, with only a few nanosized particles.
In contrast, synthesis within mesoporous host structures
leads to particles of a defined size (two dimensions are
restricted by the pore diameter and the third dimension by
the pore length). The absence of chemical boundaries be-
tween the host and the guest compound, as demonstrated in
leach experiments, is another important point in relation to
nanocomposites [48].

With the introduction of synchrotron radiation as an X-
ray absorption spectroscopy source in the 1970s, the struc-
tures of haematite and other iron oxides were investigated
once more. Several reviews of XAFS spectroscopy have
been published [43, 49-66]. Very recently, a comprehen-
sive review was published by Waychunas et al., who
carried out XAFS investigations of nanoparticulate iron
oxide minerals in soils and sediments [67].

However, XAFS investigations of nanostructured iron
oxides in mesoporous materials have only been performed
since 1999. In spite of the great potential of XAFS in this
area, only a few papers have investigated it [3, 6, 36]. In
these papers, the EXAFS analyses are mostly restricted to
three coordination spheres about the iron atom, neglecting
multiple scattering contributions to the experimental data.

Experimental
Synthesis and characterization

The synthesis of the host structure CMK-1 was carried out
according to the procedures described in the literature [36].
Three impregnation, drying and calcination cycles were
applied to form iron(I1l) oxide inside the host structure.

In a typical procedure, 1 g of dried CMK-1 was stirred
for 30 minutes in 50 mL of an ethanolic solution of iron
nitrate (4.6 mol/L) at room temperature. The carbon iron
nitrate composite was separated from the solution by
centrifugation and dried under vacuum at room tempera-
ture. Afterwards the host/guest compound was calcined at
573 K for five hours, leading to the transformation of the
iron nitrate into iron(Ill) oxide. By performing this im-
pregnation cycle three times, an iron content of ~65 weight
percent [wt%)] was obtained. Fe,O3;@CMK-1 is also
known as a host/guest compound. Bulk haematite, which
served as the reference compound in this work, was syn-
thesized in the same way as described above.

The host/guest compound was characterized using pow-
der X-ray diffraction, infrared spectroscopy, nitrogen phys-
isorption, transmission electron microscopy and Raman
spectroscopy, in order to demonstrate the preservation of
the host structure during the impregnation/calcination pro-
cess and the formation of the iron(IlI) oxide almost ex-

clusively inside the pore system of the mesoporous carbon.
Further information on the characterization is given in [36].

XAFS: sample preparation

The bulk haematite and the host/guest compound were
measured as freshly prepared polyethylene pellets (1 cm in
diameter). After drying in vacuum at room temperature,
20-35 mg of the host/guest compound or 5-7 mg of the
bulk haematite respectively were crushed and mixed to-
gether with 45 mg dried polyethylene to give a homoge-
neous mixture. The transition metal content of this mixture
lead to an absorption jump of Ayg=0.5-1.0.

Recording the spectra

Fe K-edge spectra were recorded at the EXAFSII beam line
at HASYLAB@DESY in Hamburg, Germany. The posi-
tron storage ring DORIS III gave a positron energy of
4.45 GeV, an initial beam current of 140 mA and injection
at 85 mA in five-bunch mode. The runtime was approxi-
mately eight hours.Nonfocused synchrotron radiation was
obtained for the EXAFS experiments by bending magnets.
The resolution of the Fe K-edge (7112 eV) was between 0.8
and 1.0 eV at the beam line used.

The experimental set-up is shown in Fig. 1. The desired
wavelength of the white beam is filtered using a Si(111)
double crystal (monochromator). The beam size at the host/
guest compound was about 0.8x6 mm. The host/guest
compounds were cooled to nearly liquid nitrogen temper-
ature (85 K) using a liquid nitrogen cryostat. The fluores-
cence signal was detected with a five-element germanium
fluorescence detector. The intensity of the beam was con-
trolled using digital monochromator stabilization (DMOS-
TAB), which was set to 50% on the left side of the rocking
curve in order to avoid higher harmonic oscillations.

The EXAFS spectra were collected for 6950-8200 eV
(AE=1250 ¢V). Due to the small amount of iron(IIT) oxide
inside the host, the spectra were recorded in fluorescence
mode. All spectra were recorded up to four times to im-
prove the signal-to-noise ratio after summation.

Cryostat Sample

/ Reference
/

Monochromator
% Slit 3

DORIS
@oRIS slit 2

—

e

Slit 1

4
Am Detector
1

|
Mirror lonization chamber

Fig. 1 Schematic representation of the set-up at the EXAFSII
beamline at HASYLAB
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Data reduction

The program WinXAS version 2.3 [68] was used for data
reduction.

The formulae, theorems, menu items and so on used are
described in detail in the program manual and in references
therein [69]. Spectral preparation and reduction consists of

—  Summation of four spectra

— Energy calibration

— Background correction

—  Setting £,

—  Determination of the atomic absorption (po—fit)
—  Fourier transformation and back transformation

Data reduction was performed in order to convert the
recorded data into a fittable form. The fitting and refine-
ment were carried out on the Fourier transforms and their
back-transforms.

To improve the signal-to-noise ratio, four energy-cali-
brated and normalized fluorescence spectra were averaged.
Energy calibration was performed using a reference spec-
trum which was recorded in transmission mode for every
host/guest compound spectrum. Background correction
was achieved by using one polynomial at the pre-edge
region and another at the post-edge region. The maximum
order of each polynomials was restricted to two in order to
keep the atomic adsorption function i oscillation-resis-
tant. An advanced spline fit was carried out to determine
the atomic absorption fi in the EXAFS region. In contrast
to the cubic spline fit, the range of k& was divided up here
into to four sections with its own number of knots. This
spline function gives better results for the host/guest sys-
tem. The extraction of the atomic absorption function is the
trickiest part and must be carried out very carefully to
prevent data manipulation. In the advanced spline fit, the
number of knots for the spline and the selected spectral
range were varied; the weighting of & was always three.
The range setting is sensitive to the number of independent
parameters N;,q (Eq. 1). In general the range was defined to
be from the first minimum after the white line of the
spectrum up to k=18 A™', depending on the quality of the
recorded spectra. This was used to obtain maximum in-
formation while minimizing the number of independent
parameters. The EXAFS oscillations were separated using
a Fourier transform with a Bessel window with a beta of 4.

2ARAk
+2

1

ind —

Here N;,q is the number of independent parameters, AR is
the fit range, and Ak is the range in k-space.

The Fourier transformation gives a radial distribution
function (RDF). The positions » of the emerged peak
maxima are phase-shifted distances between the central
and backscattering atom. Figure 2 shows the non-phase
corrected RDF of bulk haematite.

The first peak corresponds to the iron—oxygen distance
in haematite. The second peak corresponds to iron—iron

819

FT (x(k)*k"3)

0 2

Bra1d 6 8
RIA]

Fig. 2 Radial distribution function (RDF, not phase-corrected) of
the II(k).k’ function from the EXAFS spectrum of bulk haematite

distances between face- and edge-shared octahedra. Peak
three corresponds mainly to the iron—iron distance between
corner-shared octahedra. Peak four is determined through
multiple scattering effects and cannot be assigned to co-
ordination spheres.

Back transformation was performed on the RDF with a
k-weight of 3 in the range where the iron—iron shells

appear; typically R = 2.2 — 4.24 . The distances obtained
correspond to the distances between iron and its neighbour-
ing atoms in the respective spheres in haematite.

Data analysis

Fit simulation and refinement was carried out on the
Fourier transforms as well as on the back-transforms using
the ab initio theoretical XAS code FEFFS.2 [70].

XAS simulation and refinement using the ab initio theo-
retical XAS code FEFF8.2 was carried out on the Fourier
transforms and on the back-transforms in the same way.
First the FEFF input file was generated.The input file for
haematite (available on the ATOMS website [71]) was
converted to an FEFF input file using the program ATOMS
[72]. Single and multiple scattering paths were obtained
by executing FEFF with the respective FEFF input file
[68, 70].

To extract structural information the fast curve wave
theory [73] was used. It can be described with Eq. (2). The
parameters Fj, o' and A\ were calculated using the von
Barth potential for ground states, the Hedin-Lundquist
exchange potential for excited states [74] and the relaxed
approximation for the core-hole [75].

2 —2R "
X(k) :Z]VISOFI(k) *e(—Zkzof) * 6‘(%) *6(2/30/ k“’)

kR2
* sin [2kR/- +0j(k) — 4/3(7_}19]
@
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where F(k) is the backscattering amplitude, d(k) is the
phase, A is the photoelectron mean free path, j is the j-th
scattering path, N is the coordination number, R is the
distance, o is the disorder parameter, Sg is the amplitude
reduction factor, o' is the third cumulant, and " is the
fourth cumulant.

All of the single scattering paths and the multiple scat-
tering paths with an amplitude intensity larger than 2% in
comparison to the first shell up to the fifth angular path
were used for bulk haematite. Normally this set of reduced
FEFF input files is used for XAFS simulation and refine-
ment. However, the problem with this is that these paths
calculated from single-crystal data are often too large for
nanosized clusters. Therefore, these FEFF input files were
refined in two steps; see Fig. 3. Firstly, a FEFF simulation
was carried out with the reduced FEFF input file. During
this step, the current relative weights and angles for each
path were calculated anew with respect to the adapted
structure of bulk haematite. Secondly, these new FEFF files
were filtered (relative weight >3%) and stored as optimized
FEFF files.

The optimized FEFF file contains only significant FEFF
paths and amplitudes for the host/guest compound and so is
more suitable for the refinement procedures.

The distance R is chosen based on the appearance of the
shells in the respective XAS function. To keep the number
of free running parameters Ny, significantly smaller than
the number of independent parameters Niq, during the
refinements, some restrictions were placed on the variables:

—  The amplitude reduction factor for bulk haematite was
constrained to 0.5-0.95 and the result was used as a
constant in the host/guest compound fit.

common way

single crystal
data

run | atoms

FEFF input file
(s.c.d.)

new way filtering | weight: 2 %
r————=—=====-= Nleg: 5
|
l FEFF input file FEFF input file
| (simulated) (reduced)
|
: fitering weight:3 % |
I |
| FEFF input file I XAS simulation,
1 (refined) | refinement
| |
I [
o — — — ————— R L e

. 3 Usual and new refinement procedures for the FEFF file

— The Debye-Waller factors were constrained to 0.001—
0.01 A”

— The Debye-Waller factors for the multiple scattering
paths were calculated from those of the single scatter-
ing paths

— The coordination numbers and distances of the mul-
tiple scattering paths were correlated with the respec-
tive single scattering paths

— The energy shift was set to be the same for each ele-
ment in the system

The simulation was carried out with these restrictions
and was it refined up to an acceptable level. These param-
eters were then used as the initial parameters in the next fit
refinement procedure. The most restrictive refinement was
done first of all, and then more and more parameters were
set free. The refinement was continued as long as the
following requirements were achieved:

—  Low deviation parameter x°

— Residual is smaller than 10, calculated via Eq. 3

— Correlations in the correlation matrix are between 0.96
and 1

—  F-Test result is >0.6 after refinement with more free
variable running parameters, proving that a global
minimum has been reached.

N
‘ ’ycxp(i) 7ytheo(i)‘

R[%] =5 x 100, (3)

N
'231 ’yc.Xp(i)‘
pa

Here N is the number of data points, ye, are the ex-
perimental data points, and yy., are the theoretical data
points.

In many cases the errors were estimated at 1% for the
distance, 5% for the Debye-Waller factor, 10% for the inner
potential correction and 5% for the coordination number
[76]. Due to the (nano)sizes of the particles and the con-
sequent distortion in the crystal structure of the iron(III)
oxide, these error limits need more consideration.

Results and discussion

XAFS measurements were carried out in fluorescence
mode in order to investigate the nature of the iron co-
ordination within the iron oxide nanoparticle.

Due to the conditions used during the synthesis of the
host/guest compound, it can be assumed that iron(I1l) oxide
with a haematite-like structure is formed inside the pore
system of the mesoporous carbon.

Bulk haematite is isostructural with corundum. It can be
thought of as consisting of hep arrays of oxygen ions where
two thirds of the octahedral sites filled with iron(III) ions
[77]. The arrangement of the iron ions leads to FeOg
octahedra. As shown in Fig. 4, three different kinds of
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O bulk haematite - exp. data
bulk haematite - refinement

Fig. 4 Polyhedral model of haematite. Dark: iron, light: oxygen
atoms

1K)k

octahedra linkages exist. Iron—iron distances of about
2.90 A are observed between face-shared and distances of 14
about 2.97 A between edge-shared octahedra. The two
other iron—iron distances (3.36 and 3.71 A) are due to a
corner-shared linkages of the octahedra [44, 53]. -2 T T T

The Fourier transforms of bulk haematite and the host/ : [A"]
guest compound are shown in Fig. 5. The iron—oxygen shells
of the host/guest compound are mostly unchanged from bulk ~ Fig. 6 Back-transforms of the Fe-Fe coordination shells and the
haematite. The radial distribution function of bulk haematite results from least squares refinements of bulk haematite and the
shows peaks of up to 7.5 A, while peaks of up to 4 A are host/guest compound
distinguishable for the host/guest compound. The strong
reduction in backscattering amplitude intensity of the iron—
iron shells of the host/guest compound is due to the small O bulk haematite - exp. data
particle size (and therefore the limited vertical extension) and e
structural disorder; these effects are well known for systems
lacking long-range order. Therefore either an increase in the
Debye-Waller factors and/or a reduction in the coordination
numbers of outer shells must be assumed. It should be noted
that the Debye-Waller factors and the coordination numbers
are strongly correlated and should not be neglected in a
multiple shell fit. A significant reduction in the coordination

host/guest comp. - exp. data
host/guest comp. - refinement

10 12 14

x(K)*K

Fe-Fe

e
o
co

R
o
-
N
N
Y

haematite

FT( % (k)*k*3)
2(k)*K’

host/guest compound 54

O host/guest comp. - exp. data

host/guest comp. - refinement

4 6 8 10 12 14
k[AT]
Fig. 5 Radial distribution functions (RDF, not phase-corrected) of
the Fe K-edge oscillations x(k). ¥ of the host/guest compound Fig. 7 Back-transforms of the Fe-O and Fe-Fe coordination shells

Fe,03@CMK-1 and of bulk haematite. The RDF of bulk haematite  and the results from least squares refinements of bulk haematite and
has been divided by two the host/guest compound

2 4 E[A] 6 8
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Table 1 Refined structural parameters of the iron—iron shells of the host/guest compound and bulk haematite as well as corresponding
results extracted from single-crystal data for haematite, obtained with.without refining the single scattering paths for the iron—oxygen
coordination shells

Refinement Shell Host/guest compound Bulk haematite Haematite single-crystal [45]
With Fe-O Without Fe-O With Fe-O Without Fe-O

N Fe-O 2.90 . 3.01 . 3

R [A] 1.91 . 1.95 . 1.94
Ad® [A?] 0.007 . 0.003 . .

N Fe-O 2.85 . 3.01 . 3

R [A] 213 . 2.10 . 2.11
Ac® [A?] 0.008 s 0.004 5 s

N Fe-Fe 0.74 0.73 0.90 0.91 1

R [A] 3.00 3.01 2.88 2.88 2.89
A’ [A?] 0.003 0.004 0.004 0.003 .

N Fe-Fe 135 1.31 2.98 3 3

R [A] 3.04 3.03 2.94 2.95 2.96
Ao’ [A%] 0.004 0.005 0.003 0.004 .

N Fe-Fe 0.53 0.62 3 2.87 3

R [A] 3.39 3.40 3.34 3.36 3.35
Ad? [A%] 0.003 0.003 0.004 0.003 .

N Fe-O 2.66 fixed 2.89 fixed 3
R[A] 3.40 fixed 3.38 fixed 3.39
Ac? [A?] 0.008 fixed 0.006 fixed s

N Fe-O 2.84 fixed 2.93 fixed 3
R[A] 3.60 fixed 3.61 fixed 3.59
Ao® [A%] 0.009 fixed 0.006 fixed .

N Fe-Fe . . 2.90 2.89 3
R[A] - - 3.72 3.71 3.69
Ad® [A%] . . 0.003 0.002 .

Refinements were carried out on the back-transforms

N: coordination number; R: bond length; Ac?: Debye-Waller factor. Even though the two higher Fe-O shells make no significant contribution
to the backscattering amplitude, they were included (as fixed values) in order to be able to compare them with the results gained from the
refined Fourier transforms

numbers of the outer shells only occurs for particles smaller
than 5 nm.

host/guest compound. The first or the fourth iron—iron shell
cannot be fitted, as shown earlier in our group [3, 6]. The

Refined structure parameters were obtained for bulk
haematite (host/guest compound) by firstly fitting the back-
transforms with four (three) iron—iron shells) (see Fig. 6),
and then including the iron—oxygen shells (two shells in
both cases, see Fig. 7).

Figures 6 and 7 show the back-transforms and the re-
sults of the refinements. The refined data are listed in
Table 1, the refinement parameters in Table 2. The dif-
ferences between experimental and fit data are marginal
for both tables. Deviations at low & are probably due to the
restricted energy shift, the influence of which is most
prominent at low & values.

Comparing the fit results for the refinement with and
without the iron—oxygen shells, it is remarkable that there
are no significant differences between the distances and
Debye-Waller factors. Due to this, and the structural in-
formation from the iron—iron shells, the iron—oxygen shell
can be neglected in further data analyses and discussions.

There are three differences between the bulk material
and the host/guest compound. Firstly, it is not possible to
use four iron—iron shells for refinement in the case of the

loss of important multiple scattering paths during the back-
transform procedure might be one reason for this. The im-
portance of the first iron—iron shell is apparent from the
Fourier transformed fit results. Secondly, the increase in the
coordination number is different, and thirdly the distances
for the iron—iron shells are different too. The last two points
will be discussed later on for the Fourier transform refine-
ment results.

Figures 8 and 9 show the experimental RDFs of bulk
haematite and the host/guest compound, as well as their fit
results. Two iron—oxygen shells were used to fit the first
peak around 1.5 A and four iron—iron shells to fit the
second FT peak. The fitted peaks at higher R-values are
due to multiple scattering effects. The refined data are listed
in Table 3, the refinement parameters in Table 4. The co-
ordination numbers and distances are similar to the single
crystal data for both. Normally the Debye-Waller factors
increase for higher shells, as can be seen for the Fe-O
shells, and tend to become smaller from Fe-Fe to Fe-O
interactions, as observed in Fe—SiO, and NiO-SiO, nano-
composites [42]. This effect is not observed for the iron—
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Table 2 Refinement parameters for the back-transform (BT) fitted host/guest compound and bulk haematite

BT data without Fe-O

BT data with Fe-O

Bulk haematite

Host/guest compound

Bulk haematite Host/guest compound

BTR 2.1-4.1 A 2.1-4.1 A 1.1-4.1 A 1.0-4.1 A

S(Z) 0.90 0.90 0.93 0.93

AE, [eV] -3.03 —4.37 Fe: —4.11 Fe: —5.55
0: -6.71 0: -6.91

R [%] 4.6 5.0 6.2 7.0

Niap 15 15 21 18

Nip 10 9 11 10

SS 442 fixed 3+2 fixed 6 5

MS 0 0 0 0

BTR: Back-transform range from the Fourier transforms; 5(2): amplitude reduction factor; AEy: energy shift; R: residual; Ny,: number of free

running parameters; Niq,: max number of free running parameters

iron shells here, and this can largely be explained by the
smaller particle size.

The results and fit parameters gained from the refined
backscattering and the Fourier transform calculations, per-
formed with and without the iron—iron shells and the
multiple scattering paths, are given in the respective tables
and figures. The differences between the experimental and
the refined fit data are marginal for all four bulk haematite
Fe—Fe shells. Also, the refined fit results barely changed

bulk haematite - exp. data
bulk haematite - refinement

0.2 ©

FT[x(k)*k~3]

3 .
RIA]

0.054 % © hostiguest comp. - exp. data
%% host/guest comp. - refinement
<
X
1
=
=
=3 0.004
‘_
[T 9
-0.05 = T T T
2 3. 4
RIA]

Fig. 8 Fourier transforms (FT) of bulk haematite and the host/guest
compound Fe,O3;@CMK-1, and the results of corresponding least
square fits carried out on the respective iron—iron and iron—oxygen
shells (fixed) with the aid of multiple scattering paths

whether the iron—oxygen shells were included or not,
which means that these shells can be neglected for further
data analysis and discussion.

A good fit result was obtained for bulk haematite. The
coordination numbers and distances agree well with the
corresponding single-crystal data.

One exception can be seen, however, for the fourth iron—
iron shell, where the coordination number is significantly
smaller than for the single-crystal data. This reduction is

bulk haematite - exp. data
0.2 c .

e bulk haematite - refinement

= bt
o -
"

FTLx(k)*k*3]

1

=

-
A

-0.2 T v T v T v
1 2 . 3 4 5 6
R[A]
© hostiguest comp. - exp. data
0.14 e host/guest comp. - refinement
o
<
X
X
= J
= i
=N 0 FEy
T8
L)
-0.1 T v . T T
3 4 5
RIA]

Fig. 9 Fourier transforms (FT) of bulk haematite and the host/guest
compound Fe,O3;@CMK-1, and the results of corresponding least
square fits carried out on the respective iron-iron and iron—oxygen
shells with the aid of multiple scattering paths
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Table 3 Refined structural parameters of the iron—iron shells of the host/guest compound and bulk haematite as well as the corresponding
results from single-crystal haematite data, obtained with/without refining the single scattering paths of the iron—oxygen coordination shells

Refinement Shell Host/guest compound Bulk haematite Haematite single-crystal [45]
With Fe-O Without Fe-O With Fe-O Without Fe-O

N Fe-O 2.92 . 3.01 . 3
R[A] 1.92 . 1.95 8 1.94
Ac® [A?] 0.008 s 0.006 8 8

N Fe-O 2.88 . 2.99 . 3

R [A] 2.12 5 2.10 S 2.11
Ad® [A7] 0.008 . 0.007 . .

N FeFe 0.52 0.46 0.87 0.85 1

R [A] 2.95 2.96 2.90 2.90 2.89
Ac® [A?] 0.004 0.003 0.004 0.004 5

N Fe-Fe 1.05 0.90 2.99 2.98 3
R[A] 2.99 2.98 2.96 2.97 2.96
Ac® [A%] 0.003 0.004 0.003 0.004 .

N Fe-Fe 0.76 0.38 3.00 2.99 3
R[A] 3.26 3.23 3.36 3.37 3.35
AG® [A?] 0.003 0.004 0.004 0.003 .

N Fe-O 2.79 fixed 3.03 fixed 3
R[A] 331 fixed 3.40 fixed 3.39
Ad? [A7] 0.007 fixed 0.006 fixed .

N Fe-O 2.81 fixed 2.96 fixed 3
R[A] 3.50 fixed 3.61 fixed 3.59
Ad? [AF] 0.009 fixed 0.007 fixed .

N Fe-Fe 1.39 0.73 422 3.87 3
R[A] 3.53 3.54 3.71 3.70 3.69
Ad? [AF] 0.004 0.004 0.004 0.003 .

Refinements were carried out on the Fourier transforms
N: coordination number; R: bond length; Ac?: Debye-Waller factor

probably due to powder particles in the bulk material, a
well-known effect for higher shells. A significant shift in
the Debye-Waller factors is not observed, which supports
the presence of small particles.

A significant reduction in the coordination numbers for
the host/guest compound can be observed. The reduction

increases with distance. As for bulk haematite, the host/
guest compound shows no significant shift in the Debye-
Waller factors. These factors are very similar for both bulk
haematite and the host/guest compound. The reduction in
the coordination numbers combined with the minimal
change in Debye-Waller factors shows that very small

Table 4 Refinement parameters for the Fourier transform-fitted host/guest compound and bulk haematite. The spectral range in & space is

3.0-15.0 A ! for all

FT data without Fe-O

FT data with Fe-O

Bulk haematite Host/guest compound

Bulk haematite Host/guest compound

Fit range 2.1-53A 2.1-53 A
So? 0.94 0.94

AEy [eV] -3.98 -6.07

R [%] 5.1 7.7

Nigp 27 27

Niip 14 13

SS 442 fixed 442 fixed
MS 7 7

1.1-53 A 1.0-4.1 A
0.92 0.92

Fe: —=5.03 Fe: —6.11
0: -6.42 0: —4.38

43 6.2

34 26

22 15

8 6

7 7

Sg: amplitude reduction factor; AEy: energy shift; R: residual; Ng,,: number of free running parameters; Njq,: max number of free running

parameters
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Fig. 10 XAFS refinement of bulk haematite to experimental
haematite FT[y(k)#k’]. The Fe-Fe coordination shells (weights 29,
87, 62 and 100%), the Fe—O coordination shells (weights 9 and
11%), as well as the four triple scattering paths with the highest
contributions (weights estimated to be 6-18%) are shown

nanoparticles (<3 nm) are formed inside the pore system.
The distances obtained for the second and fourth iron—iron
shells differ from those obtained from single-crystal data.
They correspond to edge- and corner-shared octahedra.

0.044 o —o— experiment

A refinement
4 \ —=—Fe-Fe

—, 0.034 / \ - == - Triple MS

© 7 \ —o—Fe-0
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Fig. 11 XAFS refinement of the host/guest compound Fe,Os@-
CMK-1 as an overview (fop) and at a higher magnification (bottom).
The Fe-Fe coordination shells (weights 23, 89, 47 and 100%), the
Fe—O coordination shells (weights 9 and 10%) as well as the four
triple scattering paths with the highest contributions (weights
estimated to be 3—14%)
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The first iron—iron shell appears at 3.01 nm, a distance
where only edge-shared octahedra can form. This very
important structural fact, that no face-shared octahedra are
found in the host/guest compound, can be lost when
refining the back-transforms. On the other hand, no proof
of the corner-shared linkage of the fourth shell was found
when refining the back-transforms of the first iron—iron
shell. It is therefore difficult to ascertain whether the host
has haematite structure or whether it is a haematite-like iron
(III) oxide. Full information about the coordination num-
bers and the distances are only obtained by fitting the
Fourier transform over a wide range and using the relevant
multiple scattering paths. Furthermore, the distances ob-
tained from the refined FT are closer to the distances ob-
served in the single-crystal data than to those gained by
refining the back-transforms, due to the reason mentioned
above.

As discussed in earlier, a specially refined FEFF file was
used for XAFS simulation and refinement. This means that
the weights and angles of the multiple scattering paths were
adapted to the structure of this bulk haematite. Figures 10
and 11 show the single and the two strongest multiple
scattering paths that contribute to the EXAFS fits of the
host/guest compound and bulk haematite for 2-4 A. The
declared weights of about 18% (16% for bulk haematite,
referring to the strongest amplitude) for the multiple scat-
tering paths underlines once more the need to use them.
The influence of the multiple scattering paths increases
with increasing amplitude, as shown by the quality of the
results for the host/guest compound. The refined FEFF file,
and therefore the application of the multiple scattering
paths, allows us to reach the conclusions made here.

Conclusions

Fluorescence EXAFS investigations were carried out in
order to obtain information on the structure of nanosized
iron(IIl) oxide inside the pore system of mesoporous car-
bon. Due to large number of structures possible (not only in
terms of the host/guest chemistry), a detailed study of the
recording, preparation and evaluation of the data is pre-
sented. The EXAFS results show that most of the structural
information can be obtained by refining the radial distri-
bution function with the relevant multiple scattering paths
over a wide range.

It was shown that the use of multiple scattering paths in
refined Fourier transforms performed over a wide range
can reveal results that are difficult or impossible to probe
with other spectroscopic methods. The authors think that
the procedure described above can be applied to nano-
structured particles of <4 nm in general, and it is not re-
stricted to host/guest chemistry.
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Abstract

Transition metal oxides were synthesized inside the pore system of mesoporous carbon CMK-3. By a wet impregnation, drying and
calcination procedure iron, copper, nickel, cobalt, manganese and zinc oxides were formed almost exclusively within the mesopores. A
reduction into the metal forms with regard to structural array in the case of zinc oxide and a reduction to manganese(II) oxide for man-
ganese(IV) oxide was accomplished by hydrogen. Powder X-ray diffraction (PXRD), Raman spectroscopy and transmission electron
microscopy (TEM) proved the preservation of the host structure during impregnation and reduction procedures. The formation of nano-
sized metal oxides inside the mesopore system was confirmed with PXRD and TEM. Nitrogen physisorption measurements still revealed
micro- and mesoporosity for the host/guest compounds. A reduction of the surface areas and pore sizes in contrast to the host structure
being an indication of the coating of the inner surfaces of the carbon walls is shown as well. Infrared and X-ray absorption spectroscopy
(XAS) carried out in fluorescence mode confirm the formation of the respective oxides and metals. Furthermore, the existence of small,
disordered nanoparticles was proved by XAS investigations and information on the local structure of the metals and metal oxides was

obtained from these measurements.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Molecular sieves; Chemically modified carbons; Porous carbon; Impregnation; Porosity

1. Introduction

Since the discovery of ordered mesoporous carbons by
Ryoo et al. [1] these so-called CMK-n (n = 1-9) materials
gained a rapidly growing interest in materials science.
The most investigated carbon material of this series is the
CMK-3 as it can be seen in a number of publications deal-
ing with the synthesis, characterisation and the properties
of this material (see, e.g. [2-16]). CMK-3 is synthesized
by applying the mesoporous silica sieve SBA-15 as a tem-
plate and sucrose as the carbon source via an impregnation
procedure [3.4]. The pristine CMK-3 and the SBA-15 silica
show couple of similarities. Both materials are 2-d hexago-
nal structured (space group: pémm) and exhibit micro- and

" Corresponding author. Tel.: +49 641 9934 100; fax: +49 641 9934 109.
E-mail address: michael.froeba@anorg.chemie.uni-giessen.de (M. Fro-
ba).

0008-6223/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carbon.2006.09.021

mesopores. The specific surface areas (BET) of the CMK-3
material up to 1600 m>/g are higher compared to the SBA-
15 (BET: ~600 m*/g). In contrast to the pure mesoporous
silica materials the carbon materials show characteristic
features as for example the high stability in strong acids
and bases, high mechanical stability and electric conductiv-
ity which is of particular importance [2-4,9,16]. There are
numerous potential applications of carbonaceous materials
such as adsorption, catalytic reactions, fuel-cell electrodes
or molecular sieving [5,14-17]. Concerning these applica-
tions the mesopores within the CMK-3 network might be
an advantage compared to the microporous carbonaceous
materials such as zeolites [18-23]. Therefore, the mesopor-
ous carbon CMK-3 is for instance investigated with respect
to its adsorption behaviour [14,24] and as a carrier of cat-
alysts [12]. It is also used for electronic application [16],
electrochemical capacitance studies [25,26] as well as in
the host/guest chemistry [5,10-12]. Whereas the host/guest
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chemistry with siliceous hosts and metal oxides or the
respective metals is already established and represents a
promising direction [27-32], the host/guest chemistry with
carbon hosts is still in its initial stage.

Due to the pore structure, physical and chemical proper-
ties marginally discussed above, the mesoporous carbon
CMK-3 might be of significance as a matrix for catalytic
active species as Mn, Fe, Cu or Co as known from silicate
mesoporous materials [28-30, and references therein].
Other fields of interests might be the investigation of the
magnetic behaviour of metals, metal oxides and magnetic
diluted semiconductors in the mesopores of CMK-3. Pri-
mal investigations concerning these topics have been car-
ried out and will be published soon by the authors’ group.

The synthesis of the host/guest compounds can be
accomplished by two different procedures: Firstly, the addi-
tion of the metal ions during the synthesis of the mesopor-
ous carbon and secondly, a post-synthetic incorporation of
the metals into the pore network. In this study the post-
synthetic incorporation via a wet impregnation and calci-
nation procedure was chosen. The advantages of this
method are the high quality mesoporous material as basic
material and the possibility of a higher loading of the mes-
opores with the guest compound. A very accurate prepara-
tion is of great importance to reveal the host structure of
high quality. During the last years our working group
achieved a great deal by applying the wet impregnation
technique in the host/guest chemistry [28,31-33, et al. in].

In this study the authors present a detailed examination
on the intra-pore synthesis of manganese, iron, cobalt,
nickel, copper and zinc in the oxide form inside the mesop-
ores of CMK-3. An intra pore reduction was accomplished
in order to transform the metal oxides into the metal form
respectively, a structural array in the case of zinc oxide and
a reduction to manganese(Il) oxide for manganese(IV)
oxide. With the combination of comprehensive character-
ization methods such as powder X-ray diffraction (PXRD),
liquid nitrogen physisorption, Raman spectroscopy and
transmission electron microscopy (TEM), the preservation
of the host structure during these procedures is verified.
The formation of the metal oxides almost exclusively inside
the mesopore system is confirmed with PXRD and TEM.
The formation of nanosized metal oxides and metals is
shown with infrared spectroscopy and X-ray absorption
spectroscopy (XAS). Additionally, XAS investigations
were carried out in order to obtain information on the local
structure of the respective metals and metal oxides.

2. Synthesis
2.1. Synthesis of mesoporous carbon

The synthesis of the host structure CMK-3 was carried
out using SBA-15 silica as the hard template and sucrose

as the carbon source following the synthesis procedure
described by Jun et al. [3]. The preparation of the SBA-

15 silica is based on the synthesis procedure first reported
by Zhao et al. [34,35].

2.2. Synthesis of nanostructured metal oxides inside
mesoporous carbon

The loading of the host structure was carried out by
applying the wet impregnation method as reported by the
authors [33]. The respective 1.6 molar ethanolic metal
nitrate solution (100 mL) was stirred for 24 h at room tem-
perature with 1 g dried CMK-3. The carbon-metal nitrate
composition was separated from the solution by centrifu-
gation (2900 rotations/min, 5 min). The resulting material
was first dried in air and subsequent by means of vacuum
at room temperature. It should be mentioned that rapid
drying leads to formation of nanosized metal oxide parti-
cles outside the pores. By heating the samples to 573 K in
an air stream for 4 h the transformation from the nitrate
to the oxide form was achieved. The resulting host/guest
compounds are designated as Me,O,@CMK-3 whereas
Me,O, indicates the respective metal oxide. In the case of
Fe,O; the iron oxide with hematite like structure (o-
Fe,05) is meant. With the described procedure, metal oxide
loadings in the range of 12-15 wt% were obtained.

To improve the synthesis procedure and as references
for the XAFS investigations bulk metal oxides were synthe-
sized in the same way and the formation of the bulk metal
oxides was proved with powder X-ray diffraction.

2.3. Reduction

The reductions of the samples Me ,O,@CMK-3 were
carried out with a ChemBET 3000 (Quantachrome Instr.)
at 1100 K for 1 h. The reduction gas was a mixture of 4%
hydrogen in nitrogen, the gas flow was 25 cm®/min. The
reduced host/guest compounds are designated as
Me@CMK-3 whereas Me indicates the respective metal,
redZnO@CMK-3 in the case of ZnO@CMK-3 and
MnO@CMK-3 for MnO,@CMK-3.

As an evidence for the complete reduction and as refer-
ences for the XAS investigations bulk metal oxides were
reduced in the same way and the formation was proved
with powder X-ray diffraction.

3. Characterization methods

The samples were analyzed by powder X-ray diffraction
(PXRD) with filtered CuK,, radiation using a Bruker AXS
D8 Advance diffractometer in ©/6 geometry (continuous
scan mode: speed: 0.02 °(2@)/min and counting time of
6 s/data point).

Infrared spectra were recorded on a Perkin—Elmer spec-
trum GX FTIR spectrometer in the range between 400 and
4000 cm ™" using the KBr pellet method.

Nitrogen physisorption measurements were recorded
with an Autosorb 6 (Quantachrome Instr.) for isotherm
and surface area analysis and with an Autosorb 1 (Quanta-
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chrome Instr.) for micropore analysis, in each case at 77 K.
Before starting the physisorption measurements the sam-
ples were outgassed at 423 K for 18 h. The specific surface
areas were calculated from the adsorption branch in the p/
po range of 0.03 and 0.20 (depending on the number of
points that were appropriate for a linear fit) applying the
Brunauer, Emmet and Teller (BET) method [36]. The pore
size distributions were calculated using the Barrett-Joyner—
Halenda (BJH) formula [37] and the density functional the-
ory with the respective kernels [38-43].

Raman spectra were recorded using a Raman micro-
scope system (Jobin-Yvon). The argon-ion laser operated
at 514.5nm. The laser power is rough about 10-20 mW
and the spot size is about 0.5-1.0 square millimetre. The
resolution of the spectra was 1 cm ™.

Transmission electron microscopic images were taken
with a Philips CM30 operating at 300 kV in bright field
mode. The sample preparation was accomplished by sus-
pending the materials in acetone and dispersing them on
a holey carbon grid.

X-ray absorption spectroscopic measurements were car-
ried out at the storage ring DORIS III (HASYLAB@
DESY, Hamburg, Germany) at the EXAFS beam line
Al that was equipped with a Si(111) double-crystal mono-
chromator. The metal-K edge spectra were acquired at
liquid nitrogen temperature (77 K). All spectra were
recorded in fluorescence mode up to four times to improve
the signal to noise ratio by addition of the single spectra.
The samples were measured in form of fresh pressed boron
nitride pills. For further data analysis the programs Win-
XAS3.1 [44] and FEFF8 [45] were used.

4. Results and discussion
4.1. Infrared spectroscopy

The transformation from the nitrate into the oxide form
was confirmed with infrared spectroscopic measurements.
Fig. 1 shows the IR spectra of the pristine host CMK-3
(a), the CMK-3 loaded with iron nitrate (¢) and iron oxide
(b) as well as the CMK-3 loaded with manganese nitrate (e)
and manganese(IV) oxide (d). The disappearance of the IR
vibration of the NO; ion at 1380 cm ™' after heating indi-
cates the complete transformation.

4.2. Powder X-ray diffractometry

Powder X-ray diffraction investigations permit the char-
acterization of ordered micro- and mesoporous materials
by analysing the packing of the pores. The determination
of the host/guest compounds and the confirmation of the
incorporation of scattering material inside the mesopores
can be obtained as well by this method.

From the diffraction patterns (example see Fig. 2) we
can conclude the formation of the metal oxides almost
exclusively inside the mesopores of the host structure.
The d-spacings and the lattice constants of the host mate-

1) -
~ =3
o =]

transmittance [%]
&
o

5

4000

=
Y
o

2000 1000

wave length [cm™]

T
3000

Fig. 1. Infrared spectra of (a) the pristine host CMK-3, (b) Fe,Os@
CMK-3, (¢) Fe(NO;3);@CMK-3, (d) MnO>@CMK-3 and (e) Mn(NO;),@

CMK-3.
L‘3
MnO@CMK-3
MnO,@CMK-3

2 4 6 8 30 32 34 36 38 40
20 [degree]

intensity

Fig. 2. PXRD patterns of Mn,O,@CMK-3 and the pristine host structure
CMK-3.

rial and the host/guest compounds as metal oxides and
metals inside the CMK-3 extracted from the PXRD data
are listed in Table 1.

The first reflection of the host CMK-3 can be indexed as
100 reflection of the 2-d hexagonal structure with the space
group pémm [8]. The incorporation of the metal oxides
into the pore network of the carbon material leads to a
reduction of the scattering intensities of all Bragg reflec-
tions. As expected, a slow shift to smaller d-spacings could
be observed which was discussed in previous publications
[29,31] (see Table 1). Additionally, no reflections in the
higher 20 range could be observed for Fe,O;@CMK-3,
Co030,@CMK-3, NiO@CMK-3 and ZnO@CMK-3. The
absence of the most prominent reflections of the metal oxi-
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Table 1

D-spacings and lattices constants of the CMK-3 and the host/guest compounds

Sample djgo (nm) a (nm) Sample djgp [nm] a (nm)
CMK-3 7.78 8.98

MnO,@CMK-3 7.65 8.83 MnO@CMK-3 7.67 8.85
Fe,03@CMK-3 7.58 8.75 Fe@CMK-3 7.63 8.81
Co0;0,@CMK-3 7.39 8.53 Co@CMK-3 7.66 8.84
NiO@CMK-3 7.51 8.67 Ni@CMK-3 7.68 8.87
CuO@CMK-3 7.48 8.64 Cu@CMK-3 7.60 8.78
ZnO@CMK-3 7.38 8.52 redZnO@CMK-3 7.61 8.79

1/2

djgo: d-spacing; a: lattice constant, ¢ =2 * 3 * djgo.

des indicates no crystalline metal oxide particles being out-
side the mesopore system. The appearances of broad high
order Bragg reflections in the region of 20 = 30°-40° as
noticed for MnO,@CMK-3 and CuO@CMK-3 corre-
sponds to very small amorphous metal oxide crystallites.
By applying the Scherrer formula the crystallite size can
be roughly estimated to be about 2.5 nm in diameter for
CuO@CMK-3 and 2.1 nm in diameter for MnO,@CMK-
3. From these calculations we assume the oxide particles
synthesized within the pores to be too small to lead to X-
ray reflections.

As it can be seen from Fig. 2 the host structure is still
intact after the reduction procedure. Due to the transfor-
mation from the oxide into the pure metal form, the broad
high order Bragg reflections observed in the region of
260 = 30°-40° for CuO@CMK-3 disappeared. In the case
of MnO,@CMK-3 we assume that the disappearance of
the high order Bragg reflections can probably be attributed
to a tempering effect due to the heat treatment during the
reduction process. The bump observed for Co@CMK-
3in the higher 2@ range is undersized and too broad to
be indexed as a scattering reflection.

Moreover, the absence of these reflections in the higher
20 range for all samples, prove the preservation of the host
structure during the formation of the nanosized metals
respective MnO and ZnO in the pore system of CMK-3.
As it can be extracted from Table 1, the d-spacings and
the latter constants are shifted slightly to higher values
after reduction, indicating the oxygen atoms to be disap-
peared from the pore system respective a structural
enhancement in the case of ZnO@CMK-3.

4.3. Raman spectroscopy

In order to verify the preservation of the host structure
during the impregnation and reduction procedure Raman
spectroscopic measurements were carried out. The
recorded Raman spectra are depicted in Fig. 3. For
CMK-3 as well as for all host/guest compounds two bands
appear at 1333 cm™! and 1592 cm™' as known from iro-
n(Ill)oxide in mesoporous carbon CMK-1 [33]. These
Raman bands are described as “disordered sp> bonded
graphite” in the literature [46]. This is in agreement with
the presumption of Darmstadt et al. who propose a graph-
ite like structure for CMK-3 [14].

M "

Fe,0,@CMK-3

Fe@CMK-3
C0,0,@CMK-3
Co@CMK-3

M MnO,@CMK-3
MnO@CMK-3
M CuO@CMK-3
Cu@CMK-3
M NIO@CMK-3
M Ni@CMK-3
e ZnO@CMK-3
redZnO@CMK-3

1200 13'["1 14’00 1."'00 16’00 17'00
Raman shift [cm™]

intensity

Fig. 3. Raman spectra of the parent CMK-3 material, the host/guest
compounds loaded with the metal oxides and the host/guest compound
loaded with the reduction products.

4.4. Transmission electron microscopy

The transmission electron micrographs (Fig. 4) show the
selected representative host-guest compounds MnO@
CMK-3 and redZn@CMK-3. It can clearly be seen, that
the host structure reveals intactness after the impregnation
and reduction procedure. In addition, no metal oxide par-
ticles could be detected on the surface in particular for
MnO,@CMK-3 and CuO@CMK-3. Due to the low metal
oxide loading theirs detection is hampered in some regions
of the host structure. No spots of metal oxides were detect-
able onto the surface. This fact is a further hint of the
formation of the metal oxides inside the pore system. The
micrographs of the reduced samples show the preservation
of the host structure as well.

4.5. Nitrogen physisorption

Beside powder X-ray diffraction the most important
characterization method of micro- and mesoporous materi-
als is nitrogen physisorption measurements. From the
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Fig. 4. Representative high resolution TEM photographs of (a)
MnO@CMK-3 and (b) redZn@CMK-3.

TUPAC classifications of the isotherms information about
the porous nature of the materials could be obtained. By
applying the Brunauer, Emmet and Teller (BET) theory
accurate statements of the specific surface areas can be
made. But the correct evaluation of the mean pore diame-
ters of our synthesised host materials and especially the
host/guest compounds is difficult. Applying the BJH the-
ory, pore diameter investigations are correct for pore diam-
eters larger than 4-5 nm. For pore diameters below 4-5 nm
the calculation via the BJH theory is awkward and leads to
incorrect results, but in spite of this problem this method is
still commonly used. The BJH calculations are based on
the Kelvin equation and lead to an underestimation of
the pore size of about 1 nm for pores <4-5 nm [41,42].
The concluding underestimation of the pore sizes can be
attributed to a filling of the pores with liquid nitrogen in
a continuous way rather than in stepwise layering [38].
However, the BJH theory is commonly used for the calcu-

lation of pore diameters up to 2 nm with in spite of the
fault mentioned above.

The host compound CMK-3 and also the host/guest
compounds described above show BJH mesopore diame-
ters in the range of 3-4 nm and, what is more important,
a high amount of micropores. Therefore calculations of
pore diameters were made by applying the more accurate
non-local density functional theory (NLDFT) [39,40] even
though it includes some other problems that will be dis-
cussed later.

The isotherm of the host material CMK-3 is shown in
Fig. Sa. By loading the CMK-3 with the respective metal
oxides the adsorbed amount of liquid nitrogen decreases
for all investigated samples, see Table 2. After the reduc-
tion the adsorbed volume of nitrogen increases except for
samples loaded with nickel and copper. The increase of
the adsorbed amounts of liquid nitrogen is due to the trans-
formation from the oxide to the reduced form combined
with it a loss of the oxygen atoms and, accordingly, a struc-
tural transformation leading to smaller and/or better struc-
tured particles. Another reason might be the disappearance
of an eventual pore blocking.

All isotherms are classified as type IV isotherms, which
are typical for mesoporous materials and slit pore geome-
try by IUPAC [47]. At a relative pressure p/p, of about
0.5 a step occurs, associated with the filling of the mesop-
ores due to capillary condensation. In some cases only a
weak step appears as for NiO@CMK-3 and Fe,Os;@
CMK-3, indicating a very high degree of pore filling and/or
pore blocking. With the intra-pore formation of the ZnO
and Fe,O; in the resulting materials ZnO@CMK-3 and
Fe,03;@CMK-3 the step of the capillary condensation is
slightly broadened, representing a less uniform remaining
pore size probably caused by inhomogeneous pore filling.
All samples still exhibit micropores as to be seen in the
run of the isotherms taken for NLDFT analysis (Fig. 6).

Starting from a BET surface area of about 1154 m?/g for
the pristine host material CMK-3 the surface areas
decrease significantly after incorporating the respective
metal oxide compound in the pore network as listed in
Table 2. After the reduction process the surface areas are
the same dimension except for the samples enriched with
iron, cobalt and zinc oxide. Here an increase of about
100 m?*/g is observed. Nevertheless, it has to be kept in
mind that the fault of the estimation of the surface areas
calculated from the amounts of adsorbed liquid nitrogen
is in the region of approximately 50 m?*/g depending on
the weight error of the sample and the enrichment of the
host material, which itself leads to a decrease of the inner
surface areas.

The evaluation of the pore diameters is, as mentioned
above, not satisfying. Fig. 5b shows the pore diameter dis-
tribution of the pristine host CMK-3 calculated with the
BJH and the NLDFT method. The mesopore diameter dif-
fers round about 1 nm, whereas the discrepancy in the
micropore range is serious. For the pore size distribution
in the micropore range the NLDFT method gives more
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Fig. 5. The pristine host material CMK-3: (a) Liquid nitrogen isotherm, comparison of the (b) pore diameter distributions calculated, applying the BJH
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and the carbon kernel with slit pore geometry and (d) pore volume histograms calculated with the NLDFT method, applying the silica kernel with

cylindrical pore geometry and the carbon kernel with slit pore geometry.

Table 2
Liquid nitrogen physisorption data

Sample Sger (m?/g) D, (nm) Vi sotal (¢¢/2) Vi micro (€¢/g) Vi meso (€¢/2)
CMK-3 1154 3.82 0.87 0.1 0.76
MnO,@CMK-3 390 3.63 037 0.03 0.34
Fe,O;@CMK-3 172 345 0.09 0.01 0.08
C0;0,@CMK-3 262 3.63 0.22 0.01 0.21
NiO@CMK-3 364 3.77 0.22 0.04 0.18
CuO@CMK-3 287 3.68 0.36 0.01 0.35
ZnO@CMK-3 135 3.69 0.17 0.01 0.16
MnO@CMK-3 403 3.65 0.41 0.04 0.37
Fe@CMK-3 270 3.80 0.16 0.04 0.12
Co@CMK-3 356 3.64 0.34 0.04 0.30
Ni@CMK-3 372 3.78 0.23 0.0 0.18
Cu@CMK-3 303 3.69 0.38 0.02 0.36
redZnO@CMK-3 279 372 031 0.02 0.29

Sger: total surface area by BET theory; Dy, mean mesopore diameter by BJH calculated from the respective desorption branch; V), . respective pore

volumes by NLDFT.

realistic values. This is not surprising taking into account
that the BJH theory is not valid in this pore diameter
region. That is the reason why the NLDFT method is the
better choice.

The NLDFT method works with so-called kernels. For
each adsorbent a special kernel has to be chosen depending
on the pore structure and the surface of the adsorbent. In
the case of CMK-3 a carbon kernel with cylindrical pore
geometry should be applied for NLDFT calculations.
Unfortunately, such a kernel does not exist up to now, so
that a carbon kernel with slit pore geometry has to be
appropriate under these circumstances. In case of the
host/guest compounds an oxygen (siliceous) kernel with

cylindrical pore geometry was used. These kernels are
applicable in a pore diameter range of 1.8-100 nm for sili-
ceous and 0.35-8 nm for carbonaceous materials [43]. The
NLDFT results gained with the carbon and silica kernel
are shown in Fig. 5c. For mesopore diameters the results
are nearly the same, a slight increase to larger mesopores
can be observed for results gained with the silica kernel.
In contrast, the estimated micropore diameters differ signif-
icantly with respect to the adsorbed volume. However, for
samples with a high amount of micropores combined with
a broad pore size distribution as observed for our samples,
it is more convenient to show the pore volume histogram
instead of the average pore size distribution. By showing
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Fig. 6. Liquid nitrogen adsorption isotherms of the host material CMK-3
as well as selected host/guest compounds, recorded with the Autosorbl for
NLDFT analysis. The relative pressure range is shown up to 0.1p/p,.

the histogram instead of the pore size distribution the noise
occurring in the micropore range can be avoided. Fig. 5d
exhibits the pore volume histogram of the CMK-3 calcu-
lated with the carbon and silica kernel. The mesopore
range show clear differences between the calculations with
both kernels. In contrast to the slight broadening of the
pore size distribution in the mesopore rangeoccuring by
the comparison between the calculation with the silica
and the carbon kernel, the histograms resulting from both
kernels show a significant difference of approximate 1.5 nm
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Fig. 7 shows the pore volume histograms of the host/
guest compounds calculated with the NLDFT theory.
Additionally the histogram of the pristine CMK-3 is
depicted in combination with the histograms of the samples
loaded with cobalt. The pore diameters calculated with the
BJH method are given in Table 2 (distribution is not shown
here). For all compounds, the mesopore diameter decreases
after loading with the respective metal oxide combined
with a broadening of the diameter distribution. Even after
reduction the distribution is nearly the same, except for the
samples loaded with manganese, iron and zinc oxide. For
these three samples an increase of the adsorbed volume
appears.

The micropore region shows a decrease of the adsorbed
volume for all samples, caused probably by the filling of the
micropores with very small metal oxide particles or micro-
pore blocking. For the samples loaded with manganese,
cobalt, copper and zinc, we assume a filling of the microp-
ores whereas for the samples loaded with iron and nickel a
pore blocking seems to be existent. This theory is sup-
ported by the results of the nitrogen physisorption investi-
gations after reduction, where micropores still occur in the
samples loaded with iron and nickel. Caused by the heat
treatment a thermal movement of the metal and metal
oxide nanoparticles begins and results in a release of the
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Fig. 7. Pore volume histograms of the host/guest compounds calculated from the adsorption isotherms shown in Fig. 8 by applying the NLDFT method.
In the samples loaded with cobalt the pore volume histogram of the host material CMK-3 is embedded.
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micropore entrance. In case of the samples loaded with
manganese, cobalt, copper and zinc no significant changes
in the micropore diameter distributions are visible, indicat-
ing a reduction of the metal oxides formed inside the
micropores.

Nevertheless, all samples show mesoporosity to a higher
or lower extent, indicating a coating of the inner surface
and a preservation of the host structure even after the
reduction process.

4.6. X-ray absorption spectroscopy

X-ray absorption spectroscopy is an important method
of gaining knowledge about the local structure not only
of metal oxides in host/guest chemistry. This element spe-
cific method gives information upon the structure of the
metals and metal oxides itself, which is not accessible by
methods like PXRD due to their X-ray amorphous charac-
ter. The recorded absorption spectra are divided into two
regions: The first is assigned to the X-ray absorption
near-edge structure (XANES) and the second to the
extended X-ray absorption fine structure (EXAFS). It
should be noted, that the regions overlap. The XANES
region is determined by intra-atomic electron transitions
and inter-atomic multiple scattering effects. Thus, it is used
here as a fingerprint to identify the respective oxide com-
pound. The EXAFS region is the range where single and
multiple scattering effects appear. With the knowledge
about the respective oxide compound, the EXAFS evalua-
tion is applied to obtain structural information on the
metal coordination within the host/guest compounds.

For XANES and EXAFS evaluations of the host/guest
compounds as well as of reference materials, spectra at the
respective K-edges were recorded. After preparation of the
spectra with a conventional data analysis, i.e. energy cali-
bration, background correction and normalization of the
edge-jump, XANES and EXAFS analysis were carried out.

The XANES regions of the respective absorption edges
for the host/guest compound Mn,O,@CMK-3 and bulk
materials are shown in Fig. 8a. It can be seen that for every
host/guest compound one bulk oxide or bulk metal has the
same edge position. The edges of the host/guest com-
pounds themselves are smeared out in contrast to the
respective bulk materials. This is an effect that is still
known for nanostructured materials [31]. Some of the spec-
tra (e.g. Fe,O3, NiO and Cu@CMK-3) show a small pre-
edge peak caused by dipole-allowed electronic transitions.
The pre-edge peak features are the same compared with
the respective bulk materials. A comparison of the energy
positions of the absorption edges of the Me,O,@CMK-3
to Me@CMK-3 shows the expected shift to lower energies.
For example, the energy shift metal oxide minus metal is
about 8eV for Fe,O3; — Fe, 0.8eV for NiO — Ni and
4 eV for CuO — Cu. These values are in agreement with
those reported in literature [48]. With it, the determination
of the energy position of the absorption edge and the com-
parison of the spectra shapes give a first hint on the formed

[ Y

e
=
c
S
g
(=]
0n
9 a bulk CuO
g b CuO@CMK-3
s ¢ Cu@CMK-3
< d bulk Cu
895 900 905 910 915  9.20
photon energy [keV]
b
a bulk ZnO
b ZnO@CMK-3
¢ redZnO@CMK-3
d bulk Zn

Ft (1(k)*K’)

Fig. 8. (a) Normalized metal-K-XANES spectra of the host/guest
compound Cu,O,@CMK-3 and their respective bulk materials and (b)
Fourier transforms (not phase corrected) of a metal K-edge XAFS
oscillations of a representative host/guest compound and the correspond-
ing bulk materials. It should be noted, that the XAFS oscillations of the
bulk materials are multiplied by a factor <I.

metal oxide compound and the respective reduction
products.

To reveal a better-funded assignment of the bulk oxides
and bulk metals to those in the host compounds, a linear
combination (LC) XANES fit was carried out for each
material. The LC XANES fit permits the quantifying of
the species in multiple component mixtures from their fin-
gerprint in the near edge region and here it is used to detect
the prevalent species. For that purpose, spectra of all eligi-
ble metal and metal oxide compounds were recorded and
examined as described above. Afterwards the spectra of
each host/guest compound were fitted with the set of each
reference compound in order to verify the present chemical
structure. Table 3 shows the results of the first LC XANES
fit and with it percentage composition of the respective
Me, O, @CMK-3 and Me@CMK-3 compounds. Reference
spectra of metal oxides or metals that are not contained in
the sample lead to negative partial concentrations and/or
unreasonable energy shifts (AE > 1¢eV). Their parameters
are fixed to zero and the fit was started again to verify
the species.
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Table 3

Results of the first linear combination XANES fit

Sample/r.c. p-c. (o) AE (eV) Sample/p.c. (o) AE (eV)
MnO,@CMK-3 MnO@CMK-3

MnO —44 —0.03 98 0.0007

MnO, 99 —0.022 -87 14

Mn,04 —0.4 3.1 -39 0.03

Mn —54 0.5 -22 -3.6
Fe,0;@CMK-3 Fe@CMK-3

Fe,05 98 0.004 -2 —4.3

v-Fe,03 0.6 1.5 0 34

Fe;04 -12 7.3 0 22

FeO -7 0.8 -5 —0.04

Fe —0.003 2.1 97 -0.014
C0304@CMK-3 Co@CMK-3

CoO 2 —0.083 -2 14

Co —56 1.6 =33 —0.007

Co;304 99 -2.7 97 3.8
NiO@CMK-3 Ni@CMK-3

NiO 97 0.004 -32 2.7

Ni -7 1.6 98 —0.051
CuO@CMK-3 Cu@CMK-3

CuO 94 0.013 1 12

Cu,O 2 2.8 —65 —8.1

Cu -7 -7.9 95 0.021
ZnO@CMK-3 redZnO@CMK-3

ZnO 97 0.002 99 0.001

Zn -12 1.8 —0.5 1.7

r.c.: reference compound; p.c.: partial concentration; AE: energy shift.

To support the XANES results and gain knowledge
about the local structure of the metals, EXAFS evaluations
were carried out. For that purpose the prepared and k-
weighted spectra were Fourier transformed using a Bessel
window. Refined structure parameters were obtained by fit-
ting the Fourier transforms in R-space. In general, (1) the
amplitude reduction factor was always kept constant to
0.9; (2) the energy shift AE, was the same for each element
and (3) the number of free running parameters in the fits
was always significantly smaller than the possible number
of independent parameters. A more detailed description
of data analysis was recently published by the authors
[10]. To prove the accuracy of the refinement and once
more the assumed structural agreement with the used the-
oretical calculated phases, bulk materials were fitted in
the same way.

A representative Fourier-transformed and k>-weighted
EXAFS spectra (not phase corrected, mRDF) is shown
in Fig. 8b. A first hint on the nano size of the guest com-
pounds is the reduction of the higher metal-metal shells
and the missing of further high order shells in the mRDF
in contrast to the bulk materials. Please note that for
Fig. 8b the amplitudes of the EXAFS oscillations for the
reference materials are multiplied by a factor <l due to
the strong reduction in the backscattering amplitude of
the host/guest compounds. The radial distribution func-
tions of the reference materials show peaks up to 6 A but
some of them are not appropriate for fitting. In contrast,

the peaks of the host/guest compounds are only visible at
clearly shorter distances. Reasons are the nanosizing of
the particles and a slight structural disorder mentioned
above.

Representative structural parameters obtained from the
analysis of the spectra are listed in Table 4. The results
received conform with those obtained from the respective
single crystal data. The agreement of the distances com-
bined with the relatively low coordination numbers com-
pared to those in the bulk materials show the small sizing
of the nanoparticles inside the mesoporous carbon net-
work. Because of the loss of the long-range order, it is
not possible to fit higher shells of the host/guest com-
pounds as performed for the reference materials. Further-
more, it proves the coating of the inner surfaces of the
CMK-3 with a thin layer of metal oxides or the respective
metals.

The combination of XANES and EXAFS proved the
formation of slightly disordered nanoparticles of 3d transi-
tion metals and metal oxides inside the pore system of
CMK-3. In the case of ZnO@CMK-3 a structural reorder-
ing and for MnO,@CMK-3 the reduction to MnO@
CMK-3 was shown.

Table 4

Representative refined structure parameters extracted from the respective
metal K-EXAFS of the host/guest compounds, bulk materials and their
reduction products as well as corresponding results extracted from single
crystal data (s.c.d.)

Shell CN R (A) CN R(A) CN R(A)
MnO,@CMK-3 Bulk MnO, s.c.d.
Mn-O 1.01 1.89 2.00 1.90 2 1.88
Mn-O 3.01 1.92 3.99 1.90 4 1.89
Mn-Mn 1.22 2.94 1.91 2.85 2 2.87
Mn-O 1.39 3.40 3.78 3.30 4 3.34
Mn-Mn 2.98 3.35 7.71 3.46 8 3.42
Mn-O 3.55 3.46 4 3.43
Fe,O3@CMK-3 Bulk Fe,O4 s.c.d.
Fe-O 2.90 1.91 297 1.95 3 1.95
Fe-O 2.85 2.13 293 2.10 3 2.11
Fe-Fe 0.74 3.00 0.90 2.88 1 2.90
Fe-Fe 1.35 3.04 298 2.94 3 2.97
Fe-Fe 0.53 3.39 3 3.34 3 3.36
Fe-O 2.66 3.40 2.89 3.38 3 3.39
Fe-O 2.84 3.60 293 3.61 3 3.59
Fe-Fe - - 2.90 3.72 3 3.69
MnO@CMK-3 Bulk MnO s.c.d.
Mn-O 3.45 2.20 6.00 223 6 2.22
Mn-Mn 7.32 3.09 11.82 3.16 12 3.14
Mn-O 4.26 3.72 7.42 391 8 3.85
Mn-Mn - - 3.21 4.46 6 4.44
Fe@CMK-3 Bulk Fe s.c.d.
Fe-Fe 6.32 2.48 8.01 2.50 8 249
Fe-Fe 3.81 2.88 5.87 2.87 6 2.87
Fe-Fe 7.73 4.00 11.8 4.02 12 4.06
Fe-Fe 11.0 4.70 21 4.71 24 4.76
Fe-Fe - - 7.24 4.88 8 4.97

N: coordination number; R: bond length; s.c.d.: single crystal data; for all:
Debye-Waller factors below 0.5 1072 A% AEy<+75eV; R<9.8;
5= 0.9 fixed.
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5. Conclusion

Via a wet impregnation/calcination procedure 3d transi-
tion metal oxides were synthesized inside the pore system
of the mesoporous carbon host CMK-3. This in-situ for-
mation leads to highly dispersed, nanosized metal oxide
particles with average diameters determined by the pore
diameter of the host. By applying an intra-pore reduction,
the transformation from the oxide to the metal form for
iron, cobalt, nickel and copper was achieved. As expected,
in the case of manganese (IV) oxide, a reduction to manga-
nese (II) oxide and for zinc no transformation was
detected. Here, the high temperature treatment under
reduction conditions leads to a better structural order.
The preservation of the host structure even after reduction
was proved by PXRD, nitrogen physisorption, Raman
spectroscopy and transmission electron microscopy. Addi-
tionally, these methods show the formation of nanostruc-
tured guest compounds almost exclusively inside the pore
system of the mesoporous carbon. As shown in this study,
XAS investigations provide a complete picture of the nat-
ure of the hosts. The XANES evaluations reveal the chem-
ical structure of the host, affirmed by EXAFS evaluations.
Accordingly, the EXAFS fits substantiate the formation of
small slightly disordered nanoparticles.
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Supplementary data to V2.7 (Appendix A)

Table S1:Refined structure parameters extracted from thgeats/e metal-K EXAFS of the
host/guest compounds and bulk materials as wettoaesponding results extracted from
single crystal data (s.c.d.).

Table S2: Refined structure parameters extracted from th&alrke EXAFS of the reduced
host/guest compounds and reduced bulk materialgetisas corresponding results extracted
from single crystal data.

Figure S1: Representative high resolution TEM photographg&dthe pristine CMK-3 host
structure, (b) CuUO@CMK-3, (c) NI@CMK-3, (d) MNO@CMXK (e) redZn@CMK-3 and
() Co@CMK-3.

Figure S2:Liquid nitrogen isotherms of the respective hagtgj compounds.

Figure S3: Normalized metal-K-XANES spectra of the host/guesmpounds and their
respective bulk materials.

Figure S4: Fourier transforms (not phase corrected) of tlepeetive metal K-edge XAFS

oscillations of the host/guest compound and theesponding bulk materials. It should be
noted, that the XAFS oscillations of the bulk meksrare multiplied by a factor < 1.

Table S1: Refined structure parameters extracted from the respective Table S2: Refined structure parameters extracted from the metal-K

metal-K EXAFS of the host/guest compounds and bulk materials as well EXAFS of the reduced host/guest compounds and reduced bulk materials
as corresponding results extracted from single crystal data (s.c.d.). as well as corresponding results extracted from single crystal data.
shell CN R[A] CN_RJA] CN R[A] shell CN RIA] CN_ RJA] CN R[A]
MnO,@CMK-3 bulk MnO, s.c.d. MnO@CMK-3 bulk MnO s.c.d.
Mn-O 1.01 1.89 2.00 1.90 2 1.88 Mn-O 3.45 2.20 6.00 2.23 6 2.22
Mn-O 3.01 1.92 3.99 1.90 4 1.89 Mn-Mn 7.32 3.09 11.82 3.16 12 3.14
Mn-Mn 1.22 2.94 1.91 2.85 2 2.87 Mn-O 4.26 3.72 7.42 3.91 8 3.85
Mn-O 1.39 3.40 3.78 3.30 4 3.34 Mn-Mn - - 3.21 4.46 6 4.44
Mn-Mn 2.98 3.35 7.71 3.46 8 3.42 Fe@CMK-3 bulk Fe s.c.d.
Mn-O - - 3.55 346 4 343 Fe-Fe  6.32 2.48 8.01 250 8 2.49
Fe;0;@CMK-3 bulk Fe;03 s.c.d. Fe-Fe 3.8l 2.88 587 287 6 2.87
Fe-O 2.90 1.91 297 195 3 1.95 Fe-Fe 7.73 4.00 1.8 4.02 12 4.06
Fe-O 2.85 2.13 293 2.10 3 2.11 Fe-Fe 11.0 4.70 21 477 24 476
Fe-Fe 0.74 3.00 0.90 2.88 1 2.90 Fe-Fe - - 7.24 4.88 8 4.97
Fe-Fe 1.35 3.04 2.98 2.94 3 297 Co@CMK-3 bulk Co sod.
Fe-Fe 0.53 3.39 3 334 3 3.36
Fe-O 2.66 3.40 2.89 338 3 339 Co-Co 3.46 248 5.98 2.46 6 2.50
FeO 284 360 293 3.6l 3 3.59 Co-Co 2.2 253 589 221 6 251
Fe-Fe N N 290 372 3 369 Co-Co 3.01 3.50 5.73 3.51 6 3.54
C0:0,@CMK-3 bulk Coy0, sod. Co-Co 1.09 4.00 1.51 4.01 2 4.07
Co0 444 190 597 191 6 191 Co-Co - - 6.66 _ 4.30 12 434
Co-Co 325 280 471 286 6 285 Ni@CMK-3 bulk Ni s.c.d.
Co-0 1.09 3.07 1.22 327 2 3.30 Ni-Ni 9.34 2.48 11.8 2.50 12 2.49
Co-Co 199 327 200 331 6 3.35 Ni-Ni 444 3.50 6.01  3.54 6 352
Co-0 R R 1.84 3.50 6 3.56 Ni-Ni 11.39 4.27 22.07 4.28 24 4.31
NiO@CMK-3 bulk NiO s.c.d. Ni-Ni - - 9.56 484 12 4.98
Ni-O 5.11 2.01 589 2.09 6 2.08 Cu@CMK-3 bulk Cu s.c.d.
Ni-Ni 8.88 2.88 11.81 2.93 12 2.95 Cu-Cu 8.54 2.55 12 2.55 12 2.56
Ni-O 4.23 3.42 7.55 3.55 8 3.61 Cu-Cu 292 3.55 5.98 3.60 6 3.61
Ni-Ni 2.01 3.87 4.71 3.99 6 4.17 Cu-Cu - - 16.3 4.32 24 4.43
CuO@CMK-3 bulk CuO s.c.d. redZnO@CMK-3 bulk ZnO s.c.d.
Cu-O 0.88 1.97 1.98 1.96 2 1.95 Zn-0 0.56 1.81 0.99 1.81 1 1.79
Cu-O 0.78 1.97 1.99 1.96 2 1.96 7Zn-O 2.11 2.05 2.86 2.04 3 2.04
Cu-O 0.64 2.74 1.97 2.77 2 2.78 7Zn-Zn 3.21 3.22 5.76 3.23 6 3.21
Cu-Cu 1.45 2.87 3.73 291 4 291 Zn-Zn 3.03 3.17 534 3.30 6 3.25
Cu-Cu 1.39 3.00 3.71 3.09 4 3.08 7Zn-0 3.00 3.51 5.44 3.74 6 3.71
Cu-Cu - - 1.43 3.25 2 3.17 7n-Zn - - 5.65 4.44 6 4.56
ZnO@CMK-3 bulk ZnO s.c.d. N: coordination number; R: bond length; s.c.d.: single crystal data; for all:
Zn-0 0.55 1.77 1.00 1.81 1 1.79 Debye-Waller factor below 0.5%107 A% AEy <+ 7.5eV; R <9.8;
Zn-O 2.01 2.32 2.34 2.04 3 2.04 SOJ =0.9 fixed
Zn-Zn 2.65 3.44 5.82 3.23 6 3.21
Zn-Zn 2.87 3.45 4.75 3.30 6 3.25
Zn-O - - 4.79 3.74 6 3.71
Zn-Zn - - 4.21 4.50 6 4.56

N: coordination number; R: bond length; s.c.d.: single crystal data; for all:
Debye-Waller factors below 0.5%10% A% AE, < + 7.5 eV; R < 9.8;
so” = 0.9 fixed.
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Figure S1: Representative high resolution TEM photographs of (a) the pristine CMK-3 host
structure, (b) CuO@CMK-3, (c) Ni@CMK-3, (d) MnO@CMK-3, (e) redZn@CMK-3 and (f)

Co@CMK-3.
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Figure S3: Normalized metal-K-XANES spectra of the host/guest compounds and their

respective bulk materials.
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Intra pore reduction of nanostructured a-Fe,O5 within the pore system of
mesoporous carbon — a comprehensive study

Holger Huwe and Michael Froba*

Institute of Inorganic and Analytical Chemistrysfus Liebig University Giessen
Heinrich-Buff-Ring 58, D-35392 Giessen, Germany

Abstract

For the first time fundamental research of the cidn behavior of nanostructured iron(lll)
oxide incorporated in mesoporous carbon will bespnéed in this study. The first part will
describe the formation of the individual reductipimases in detail, taking into account the
composition of reduction gas as well as the infageof the heating rate. These results are
compared to results gained from bulk iron(lll) cxidin the second part, the means of
synthesizing nanostructured puresBeand F& as well as a high-amount of FeO in the pore
system of mesoporous carbons is shown. This iseaedi by the elegant method of an
intra-pore reduction with a constantly kept tempee The findings of the fundamental
research on nanoscaled iron(lll) oxides pursued, serve for a better understanding of

reduction behavior of the complex system haemasitemagnetite—~ wistite— iron.

Keywords:

Introduction

The reduction behavior of 3d metal oxides has been
investigated for over a century. The. system iron
oxide/iron haematite~ magnetite— ‘wistite —
iron is of particular significance. It often starasa
model system for the multitude of transition metal
oxides and numerous experiments and extensive
theoretical investigations on this subj&ét. It is
applied for instance in catalysis, fuel cells and
recently as storage site for hydrogen, which i$ sti
in progres§:9’12'14'15'18

First investigations concerning the propertieshef t
different iron oxides such as crystal structure but
also. first: results -of the reduction behavior of
different iron oxides were published in the early
nineteen twenties by Pauling and Hendriék§he
aim of numerous following experiments was
obtaining a better understanding of the properfes
iron oxide in order to study its reduction
behaviour'*?°

During the reduction process, the iron oxides are
transformed from the haematite structure, which is
isostructural with corundum, over an inverse spinel
structure (magnetite) to a defect sodium chloride
structure (wustite) and ends with the body-centered
cubic (bcc) iron.

*Corresponding author. Fax ; +49-641-9934-109.
E-mail address: Michael.Froeba@anorg.chemie.
uni-giessen.de (M. Fréba)

nanostructured iron oxide; mesoporous carbon;atexhy host structure.

The proceeding reaction mechanisms are sensitive
to all reduction parameters and thus, it is not
surprising, that there are often discrepancies
between the statements of various investig&tors.
Complete reduction studies on bulk haematite with
hydrogen in water were carried out by St. John et
al?® in 1984 and Rau et al. in 1987.First
experiments involving small iron oxide particles
(50 - 800 um) were carried out by Hayes and
Grieveson in 198% and by El-Tabirou et al. in
19883! During these investigations they showed
that the reduction process is dependent on the
reaction temperature and the concentration of the
reduction gas, which was CO in their case.

A new synthesis approach to nanosized particles
was given with the introduction of host/guest
chemistry. Particles synthesized inside the pore
systems of mesoporous materials often reveal
different properties than the respective bulk
materials caused by the size limitation due to the
pore size of the host material, e.g. sifit¥ Even

in the host/guest chemistry the system of the iron
oxides/iron was a field of interest. The influerafe
pore sizes, loadings and the catalytic system of
FeO;@SBA-15 and FO;@CMK-3 on their
catalytic activities compared to the catalytic @tyi

of bulk haematite has been investigated in several
Studies’l:o—lz,l4—16,33-38

The introduction of mesoporous carbons with
ordered pore systems in 1999 by Ryoo et al.
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established a new field of host/guest chemi&tfy.

The advantage of mesoporous carbons compared to
silica is the reducing property of the carbon
framework. Again the focus was set on the system
o- FeO; — FeO, — Fe,O0 — F& because the
reduced iron oxide species remain unchanged under
circumstances such as storing at low temperatures
or inert atmosphere due to the carbeneous host
material. In contrast, the application of mesopsrou
silica as a host material reveals reoxidation cduse
by oxygen of the silica framework, which hampers
the synthesis of particular iron oxides in theirgpo
systems. With these new  carbon-like
representatives of mesoporous substances, it is now
possible to intensively investigate the host/guest
system FgO,@CMK-n with respect to its reduction
behaviour'®>?

Another possibility of investigating the reduction
behavior of the system F@;@CMK-n is an in situ
method which is described by the authtré.As a
result of the in situ experiments, the formation of
each reduction producti{ Fe0Os;, FgO, Fe.,O,

Fe) is dependent on the reduction gas composition,
heating rate, temperature and the particle size
(limited by the pore size of the carbon host
material). For example, the here reported intrapor
reduction method is a proper way to synthesize pure
nanostructured magnetite. Given this prerequitite,
is furthermore possible (with some restrictions of
course) to tune the portions of the respective iron
phases in a desired way.

The present work undertakes a comprehensive
study of the reduction behavior of nanosized
iron(lll) oxides accompanied in mesoporous
carbons under various conditions. We believe that
these are the first experiments on nanostructured
iron(lll) oxides of this kind.

Synthesis

Synthesis of mesoporous carbohe synthesis of
the host structures CMK-1 and CMK-3 was carried
out according to the procedure reported in
literature®*** In general, a silica host matrix
(MCM-48 respective SBA-15) was infiltrated twice
with sucrose. After carbonization at 1100 K in
vacuum the silica framework was destroyed and
removed by hydrofluoric acid to obtain the pristine
host structures.

Synthesis of the host/guest compoundsThe
incorporations of the iron(lll) oxides inside therp
systems of the mesoporous carbon host structures
were carried out applying the wet impregnation
method. In general, a 0.5 molar solution of irai(ll
nitrate in ethanol was stirred with the host maleri

A separation of the solution by centrifugation and
gentle drying at room temperature followed.
Afterwards the transformation from the nitrate into
the oxide was conducted by thermal treatment at
300 K in an air stream. This impregnation cycle
was repeated up to three times in order to obtain
two different amounts of iron(lll) oxide loading.

Further on they are signed as single and triple
allocations. For more details of the impregnation
procedure see referencés?

Synthesis of reference compoundsin order to
obtain the respective reference compounds, irgn(lll
nitrate was treated the same way as described for
the synthesis of the host/guest compounds. After
transformation to iron(lll) oxide it was reduced as
specified in the next chapter. The formation of the
respective bulk phases was confirmed with powder
X-ray diffraction. Additionally, commercially
available iron oxides were used.

Temperature programmed reduction (tpr). The
reductions were carried out with a ChemBET3000
(Quantachrome) operating with two thermal
conductivity detectors (tcd, oxygen. detection). For
gas mixing a Linear Mass Flow Controller
(Quantachrome) was used. The gas flow rate was
25 cni/min for all experiments.

The temperature reduced reductions (tpr) were
carried out running -three different temperature
ramps (1, 5'and 10 K/min), three different reductio
gas mixtures (1,.5 and 50 %, kh N,) and two
amounts. of ‘weighted samples (15 and 30 mg).
Usually 30 mg of the samples were used for the
investigations. For experiments carried out in orde
to obtain dependence between the sample weight
and the reduction behavior 15 mg and 30 mg of
each sample were used.

During the reduction procedure samples were taken
in intervals of 25 K in the range from 300 up to
1150 K. The quenching of the reduction is the
trickiest part. During the reduction one of two
wistite-like phases occurs. They are the
stoichiometric FeO or the non-stoichiometrig @
phases. Regrettably, the formation of the phases
during the reduction is not controllable. As far as
we know there is no way to stabilize the
stoichiometric phase at room temperature in air; it
dissociates visible to F&; and F&. For this reason,
these samples have no explanatory power and the
reduction was repeated. In order to stabilize the
non-stoichiometric phase at room temperature
several investigations were carried out. Here the
samples were cooled down rapidly in liquid
nitrogen combined with a changing of the
atmosphere to pure nitrogen. The samples are stable
over several weeks under nitrogen atmosphere at
250 K.

Furthermore, reductions at defined temperatures
(573, 623, 673, 723, 873 K) were carried out using
5 % hydrogen in nitrogen with a heating rate of 20
K/min for all experiments. The reduction was
conducted until the tcd signal rises to zero. As th
point, the samples were cooled down rapidly in
liquid nitrogen combined with a changing of the
atmosphere to pure nitrogen. To avoid a reduction
or oxidation of the samples, they were stored under
nitrogen atmosphere at 250 K.
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Characterization

The (i) formation of the iron(lll) oxides almost
exclusively inside the pore systems of the host
structures, the (ii) preservation of the host dtmes
during the impregnation cycles, the (iii)
preservation of the host/guest compounds after
reduction and (iv) the remaining guest species
inside the pore system after the reduction (thermal
movement) was confirmed with powder X-ray

diffraction,  liquid  nitrogen  physisorption,
transmission  electron  microscopy, Raman
spectroscopy, infrared spectroscopy and X-ray

absorption fine structure analysis, respectively. A
extensive description of the usage of this canon of
methods is given elsewhete®

To examine the reduction products X-ray
absorption spectroscopic measurements (XAFS)
were carried out at the storage ring DORIS Il
(HASYLAB@DESY, Hamburg, Germany). The
used XAFS beam line Al was equipped with a
Si(111) double-crystal monochromator. The Fe-K
edge spectra were taken at liquid nitrogen
temperature (77 K). All spectra were recorded in
fluorescence mode up to four times to improve the
signal to noise ratio after summation. The samples
were measured as pressed polyethylene pills it iner
atmosphere. For further data analysis the program
WinXAS3.2 was used’

After a common data analysis (e.g. energy
calibration, background correction, normalizatian)
linear combination XANES fit procedure was
applied as described in reference [34]."With that t
partitions of the reduction products were
determined. As reference materials common
available compounds as well as synthesized ones
were taken.

For extended X-ray absorption fine structure
(EXAFS) analysis the data were first prepared in
the common way (e.g. energy calibration, Fourier
transformation). Then the theoretical calculatiohs
the phase shifts were calculated using the program
FEFF8 embedded in WinXA%> A detailed
description of EXAFS data analysis is given in
reference [35].

Results and Discussion

Results and. discussion of the temperature
independent reductions.In this chapter we will
show the influence of different parameters (such as
heating rate, amount of hydrogen, allocation with
Fe0s;) on the reduction profile as well as the
development of the specific iron oxide phases. A
typical reduction profile of 30 mg host/guest
compound is depicted in Figure 1. Regarding the
tpr curve the first maximum is ascribed to the
transition ofo-Fe,0; to FgO,, the second to the
transition of FgO, to Fg.,O and the third is
equivalent to the reduction of E@® to metallic
iron. Figure 1 also includes the development of the
specific phases. The correlation of the maximum of
the FgO,-phase i) with the maximum of the

reduction profile can clearly be observed in this
Figure. The second maximum in the reduction
profile corresponds to the position where the
following conditions are fulfilled: the sum of the
amounts of increase of £@® (m) and the decrease
of FeO, (o) is maximal. The last maximum
corresponds to the point with the highest possible
amounts of formed kg0 (m). At this point nearly

all Fe O is reduced and the tpr signal decreases
afterwards.
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Figure 1: /Typical reduction profile for the
reduction of FeEO;CMK-1 with the evaluation
the respective iron oxide phases. The heating
was 5 K/min and the amount of hydroge¥o5

In the following part, reduction profiles and the
development of the corresponding phases will be
predominantly discussed for the sake of a better
illustration. The influence of the individual
parameters will be shown on the example of the
host/guest compound @@ CMK-3, although this
analysis was also carried out on,Gg@CMK-1.
However, as will be shown later, the results are
comparable and therefore we shall refrain from a
presentation and discussion thereon. It is taken fo
granted that the analytical study is reproducilolé a
representative. The minimal amount of hydrogen
used was enough to reduce the iron oxide
completely within a couple of seconds. This assures
that the effects discussed later will not be disibr

or falsified by lack of reduction gas.

Reduction from Fe,0;@CMK-n with different
parameters. In this chapter the influence of the
heating rate and the amount of hydrogen upon the
reduction behavior will be examined more closely.
Figure 2 shows the profile of the reduction from
Fe0;@CMK-3 in dependence of three different
heating rates and hydrogen fractions respectively.
In order to figure out the different effects duriting
reduction of the single samples the correlations
between the heating rate, the hydrogen
concentration, the maximal content of each iron
oxide phase, the temperature and the reduction
intervals were extracted from the formation of each
iron oxide shown in Figure 3 and summarized in 4.
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Figure 2: Reduction profiles of the reduction frdme,0;:@CMK-3 in dependence of three different heating
rates and hydrogen fractions respectively.
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Figure 3: Evaluation of the R®4-phase (top), the FgO-phase (middle) and the Fe-phase (bottom) from the
reduction of FeO;@CMK-3 in dependence of three different heatingsand hydrogen fractions respectively.

Figure 4a shows the correlation between the heating rate are quite low. The magnetite content i
maximal FgO, content and the heating rate for above 80 % in every investigated sample. The
each hydrogen concentration. Figure 4b depicts the highest magnetite contents are obtained for the
temperature of the magnetite concentration lowest hydrogen concentration. This effect can be
maximum in dependence of the heating rate and the explained by the slower reduction rate due to the
hydrogen concentration. Figure 4c presents the lower hydrogen concentration and thus, to a lower

correlation between the reduction interval [K] reaction rate for following the reduction from;Bg

(full width half maximum (FWHM)) respective to FeO. An increase of the heating rate from 2 to
Figure 4d the reduction intervait [min] and the 5 K/min leads to a further increase of the mageetit
heating rate for each hydrogen concentration. content for the sample reduced with only 1 %

hydrogen in nitrogen. A further increase of the
From Figure 4a one can conclude that the heating rate to 10 K/min leads to a reduced
differences between the magnetite contents concentration of magnetite due to the higher
dependent on the hydrogen concentration and the concentration of wustite in all measured samples.
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Figure 4: Correlation between (a) the maximal ;8¢ content, (b) the temperature of the ;B¢
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Linear correlations between the heating rate aad th
temperature J.x (temperature at the point of the
highest magnetite concentration) in the measured
region can clearly be concluded from Figure 4b for
each hydrogen concentration. The temperatures
where the maximal magnetite contents were
obtained is nearly the same for the samples reduced
with 1 and 5 % hydrogen starting at 680 K for a
heating rate of 2 K/min increasing up to 730 Kdor
heating rate of 10 K/min. The influence of the
hydrogen concentration on the temperatugg, 15
significant. The maximum content is reached at
lower temperatures that can be explained by arfaste
reduction - rate due to the high hydrogen
concentration. The influence of the hydrogen
concentration and the heating rate on the reduction
interval (FWHM, AT) does not follow such a clear
trend. Thus, a careful interpretation of Figure 4c
should be carried out. First, the influence of the
hydrogen concentration on the reduction interval is
obvious. Due to the low concentration of 1 %
hydrogen in the reduction gas the reaction takes
more time which leads to an increase of the
reduction interval. The reduction interval seems to
increase with increasing heating rate for the
hydrogen concentrations of 1 and 5 % but no clear
linear correlation betweenT and the heating rate
can be figured out. For the increase of the rednocti
interval one should consider the time of the
measurement additional to the temperature, which

has not been mentioned yet. The reduction interval
AT is given by the difference between the starting
temperature J and the finishing temperature-.T
These temperatures are reached after different
periods of time due to the different heating rates

2, 5 and 10 K/min. Due to the faster process at a
heating rate of 10 K/min the reduction interval
increases because the system still needs time for
equilibrating. Thus, the consideration of the
reduction intervals is in this case quite complex.
The highest hydrogen concentration of 50 % seems
to lead to a narrowing of the reduction intervaihwi
increasing heating rate. This effect is due to a
higher reaction velocity caused by the high
hydrogen concentration, although the reduction
period is short and should lead to an increase of
AT. But in this case the difference between 5 % and
50 % hydrogen in the reduction gas has a serious
effect. In order to show the dependence between the
reduction interval and the heating rate the reducti
interval At [min] was calculated and plotted for
each hydrogen concentration. As one can see from
Figure 4d the time for the reduction decreases with
increasing heating rate. HigheAt values were
obtained for the lowest hydrogen concentration.
This can easily be explained by the slower reaction
due to the low hydrogen concentration of 1 %. The
At values of the samples reduced with 5 % and
50 % hydrogen show only slight differences
(2 K/Imin: 5 % H: 26.5 min, 50 % K 25 min).
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Legend: (1) 50 % H; (¢) 5 % H; (m) 1 % H in N,.

For the highest heating rate the differences betwee
the different hydrogen concentrations. decrease and
the reduction intervals .is between 5 and 11.5
minutes for each sample. This effect can be
explained by the higher thermic movement of the
particles at higher temperatures and a higher
probability of encounter between a hydrogen
molecule and a K6; patrticle.

One important fact that should be discussed in
this context is the change in the crystal structure
when reducing haematite to magnetite. The
haematite, which  is isostructural with corundum
possesses a hexagonal shaped unit cell. Six oxygen
atoms surround each iron atom. In the usual bulk
haematite, these octahedrons are face-, edge- and
corner-linked. For the guest species@gin the
pore system of the mesoporous host materials only
corner- and edge-linked octahedra could be
observed which leads to the assumption that there
are slight differences between the structures ef th
bulk and the guest material within the pores of
mesoporous systems which might be due to the
limited particle size. With the reduction of theegti
material from FgO; to FgO, the structure changes
from the haematite like structure (corundum
structure) to the inverse spinel structure of the
magnetite which implies a cubic unit cell.

The dependence between the formation of,Be
from FgO,, the heating rate as well as the hydrogen
concentration is shown in Figure 3. For a better
understanding the dependencies between the
heating rate and the maximum concentration of
Fe O for each hydrogen concentration (Figure 5a),
between T.x and the heating rate for each
hydrogen concentration (Figure 5b) and between
AT [K] and the heating rate (Figure 5c) as well as
betweenAt [min] and the heating rate (Figure 5d)
for each hydrogen concentration are plotted. Simila
plots were already described for the reduction of
Fe,0O; to Fg0,.

In contrast to the reduction of f&& the reduction

of FgO, and the formation of RgO differs
significantly dependent on the hydrogen
concentration. At a heating rate of 2 K/min the
maximum concentration of EgOis only 42 % for

a hydrogen concentration in the reduction gas of
1 %. At such low heating rate the maximum
concentration of RgO is significantly dependent
on the hydrogen concentration. For 5 % hydrogen
61 % and for a hydrogen concentration of 50 %
76 % of Fe,O can be detected. An increase of the
heating rate to 5 K/min leads to a decrease okthes
discrepancies. Wistite amounts between 74 and
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81 % are obtained. At least, the increase of the
heating rate up to 10 K/min leads to the assumption
that concentrations of £EgO above 82 % cannot be
realized with further increase of the heating m@te
an increase of the hydrogen concentration. An
interesting evolution of the maximum amounts
should be mentioned at this place. A heating réte o
10 K/min and a hydrogen concentration of 50 % in
the reduction gas lead to a significant decrease of
the wuistite concentration to 58 %. These extreme
reduction conditions lead to a rapid reduction of
Fe,0, to Fe.,O and a further reduction to pure Fe
in nearly one step. Thus, in order to obtain a
material containing the maximum concentration of
wistite the reduction conditions has to be cargfull
chosen due to the further reduction of, f@ to
pristine Fe.

As shown in Figure 5b the temperature with the
maximum of Fe,O formation is increasing with
increasing heating rate. This observation can be
made for all hydrogen concentrations. As already
explained for the reduction of f& to FeO,
highest temperatures are needed for the lowest
hydrogen concentration, which is due to the slower
reduction at lower hydrogen concentrations as
mentioned already above. In the measured range the
correlation between ., and the heating rate seem
to be linear.

From Figure 5¢ one can conclude that the reduction
interval AT is increasing for the samples
synthesized with all three different hydrogen
concentrations. Highe&(T values are observed for
the samples reduced with the lowest amount of
hydrogen as expected. The reduction intervals
measured for the samples synthesized with 50 %
hydrogen show only a slight decrease. Similar
observations as already described for the reduction
of FeOs; could be made from Figure 5d. The
correlation betweent and the heating rate shows a
decrease for the reduction time with increasing
heating rate for each hydrogen concentration. With
increasing hydrogen concentration the region of the
reduction intervals decreases as well (for a hgatin
rate of 10 K/min: 5 — 12.5 minutes). An explanation
for these effects is given above.

The different formations of the individual phases
dependent on the different synthesis parameters
show the complexity of the reduction system
o-Fe,0; — Fe0, — Fe_, O — F€&. The results
described above for the formation of;8g from
a-Fe,0; and for the formation of FgO from FeO,

can be basically explained as follows:

On the one hand the thermal agility of the iron
oxide particles at high temperatures might play an
important role because agglomeration to larger
particles can take place and thus, the changeeof th
particle size might influence the reduction behavio
of the iron oxides. The surface to volume (parjicle
ratio decreases with increasing particle size and
thus, the reduction is shifted to higher tempegestur
and takes place in shorter reduction intervalsctvhi

is shown for the bulk material later on. On theeoth

hand the probability of the encounter between the
iron oxide particles and the hydrogen molecules is
of great importance for the reduction. At high
hydrogen concentrations more encounters between
iron oxide particles and the hydrogen molecules
take place and thus, the probability of a reaction
increases. The main reason however is the
complexity of the reduction reactions. Competing
reactions take place in which the oxygen released
by the reduction causes an opposed reaction. These
competing reactions are all linked in a mutual
thermic equilibrium attempting to permanently
adjust itself due to the increasing reduction
temperature. The continual new adjustment of the
thermic equilibration and the opposed reaction
directly affected by the heating” rate and
concentration of hydrogen, could explain the above
observed and discussed results.

The FeO;@CMK-1 system provides comparable
results. For the”  host/guest compounds
(FeEO;@CMK-3, FeO;@CMK-1) as well as for
the bulk material a detailed kinetic analysis of th
reduction would be desirable. Unfortunately, the
state of scientific knowledge today does not allow
the kinetic interpretation of these complex notetjm
but temperature dependent reactions.

Comparison of FeO;@CMK-1 with
Fe0:@CMK-3. The transferability of the results
from the host-system CMK-3 to the host-system
CMK-1 has been mentioned above and Figure 6 is
shown here as an example thereof. Two host/guest
compounds with approximately the same amount of
iron(lll) oxide and acceptable similar nanoparticle
size distribution are compared. As depicted in
Figure 6 FEO;@CMK-1 and FgO,@CMK-3 show
nearly the same reduction profiles. The anticipated
conformity in the formation of the individual
reduction phases shows that the texture of the host
system has no influence in both cases. If the atoun
of iron(lll) oxide and its nanoparticle size
distribution is approximately the same, then the
results can be transferred nearly one-to-one. Both
parameters can be affected more or less during the
synthesis, so that comparable sample batches are
more or less available.

Influence of the amount of iron(lll) oxide. The
amount of iron oxide used for reduction influences
the evolution of the reduction phases to some
extent. Figure 7 shows the evolution of the phases
with two different amounts (15 mg and 30 mg
host/guest compound) of sample weight. A better
resolution of the reduction profile with higher
sample weight is visible. This is not surprising,
taking into consideration that the thermal
conductivity detectors work at the bottom end of
the detection limit; therefore an increase of sampl
weight leads to a shift to a higher range of openat

of the detectors and thus, to higher resoluted
reduction profiles. The development of the single
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reduction phases is not affected by the sample
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Figure 6: Comparison of the evaluation of
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Figure 7: Comparison of the evaluation of
reduction products of two host/guest compo
with approximately the same amount of (fdiy
oxide per mg compourahd acceptable similar si
distribution. The difference is the weighted am
of sample for the tpr.

Figure 8: Comparison of the evaluation of the

reduction products of two host/guest compounds
with- approximately the same amount of iron(lll)

oxide and acceptable similar size distribution but
single and triple loading with iron(lll) oxide.

Another possibility of increasing the amount of the
reducible substance is the increase of the irgn(lll
oxide fraction in the host's mesopores. This can be
achieved by multiple impregnations. A comparison
of a single and a threefold impregnation of CMK-1
is depicted in Figure 8. The amounts of iron(lll)
oxides are 16 respectively 25 weight percent. By
the use of multiple impregnations not only the
proportion of iron(lll) oxide is raised, but alsbet
particle size is enlarged by the thickening of the
layers or agglomeration. This type of increase
however, does neither lead to a significant change
in the reduction profile, nor to a change in the
evolution of the different phases. This might be du
to a too low mass change or to the impreciseness of
the LC XANES evaluation.

Comparison with bulk haematite. Differences
between the phase evolution of the host/guest
compounds and the bulk material are published in a
recent article and shall therefore just summarized
briefly.®® Generally, one can say that under the
same reduction conditions the reduction of bulk
material i) is initiated at higher temperature,isi
less selective and iii) takes place in shorter
intervals. This can be explained by the fact that i
the host/guest material iron oxide is located in th
layers in the mesopores of the host system, which
results in the surface to volume ratio being much
higher than in the respective bulk material. Thus,
the hydrogen stream has access to more iron oxide
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molecules in the host/guest compound compared to
the accessibility of iron oxide molecules in the
respective bulk material. The shorter reduction
interval can be explained by diffusion control desi

the pore system.

Results and discussion of the reduction at
constant temperatures

Further interest occurs on the question, if it \oi
possible to produce the individual iron oxide plsase
within the pore system by means of the reductive
method. For that purpose, the samples were heated
up to the desired temperature and hold there until
the detector signal fell to almost zero, which
indicates the completeness of the reduction at this
temperature. Figure 9 shows the reduction profiles
of FeO;@CMK-3 at 573 K and 723 K,
respectively.

600+

5504 temperature 130
—C— TCD output
g 5004
[ 420 o
5 o
® 450+ o
g 2
10
£ 4004 T
2 =4
3504
30044 T T T v T T
0 20 40 60 80 100 120
time [min]
50
7004 temperature
—O— TCD output
440
<
o =
5 3]
® w)
o o
: 5
2 s

100 120 140 160

0 20 40 60 80

time [min]
Figure 9: Reduction profiles of E®;@CMK-3
reduced at 573 K (top) respectively 723 K
(bottom).

The steep increase of the reduction profile during
the heating phase is characteristic. After reaching
the respective reduction temperature the signk fal
and slowly approaches to zero. These time-
dependent experiments were carried out in a
temperature range of 523 K to 900 K with an
interval of 25 K. The results from 573, 623, 723

and 873 K are discussed here because at these

temperatures the highest amounts of the individual
reduction phases occur.

As one can see from the conducted LC-XANES fit
(data see Table 1) the reduction of the host/guest
compound at 573 K leads to a pure@gPhase.

An additional EXAFS-analysis confirms the phase
purity of FeO, in the host/guest compound within

the scope of the limits of detection (for detaitkda
see Table 2). In comparison with the bulk material
the conventional reduction of the coordination
numbers for nanostructured particles can be found
for the host/guest compound. The distances
themselves nearly correspond to those of the bulk
materials®® Furthermore it is important, that the
bulk material can only be reduced to a mixture of
haematite (40 %) and magnetite (60 %) at this
temperature. Here again, the influence of particle
size upon the reduction behavior is evident (see
above).

Table 1: Results of the Linear Combination XANES
fit for the host/guest compound (hgc)Be@ CMK-

3 as well as the bulk material' (bm). after the
reduction process at different temperatures.

temp. comp./ Fe,0; Fe;04 Fe O Fe°

amount
573 K hge - 9% - -
bm 40% 60% - -
623 K hgc 4% 76% 20 % -
bm - 9% - -
793 K hgc - 10% 74% 16%
bm - 28% 64% 7%
873 K hgc - - - 100 %
bm - - - 99 %

“-“ means no contribution part or not detectable
with the used method.

Table 2: Refined structure parameters extracted
from the Fe-K EXAFS of the reduced host/guest
compounds and bulk materials as well as
corresponding results extracted from single crystal
data?

shel CN RI[A] CN RJ[A] CN R[A]
Fe0,@CMK-3 bulk F&O, s.c.d.
(573 K) (623 K)
Fe-Fe 842 248 8.03 248 8 248
Fe-Fe 4.92 284 574 286 6 287
Fe-Fe 9.52 4.03 10.524.04 12 4.05
Fe-Fe - - 1943 472 24 475
FE@CMK-3  bulk Fé s.c.d.
(873K) (873 K)
Fe-O 354 186 399 188 4 1.88
Fe-Fe 9.76 3.47 11.303.49 12 3.48
Fe-O 879 346 10.983.51 12 3.49
Fe-Fe 271 367 355 362 4 3.64
Fe-O - - 10.01450 12 452

CN: coordination number; R: bond length; s.c.d.: $ing
crystal datd’; for all: Debye-Waller factors below
0.48*102 A% AE,< £6.9 eV; R < 9.5; § = 0.9 fixed.
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Amounts of Fe,O up to 20 % were detected
whereas still 4 % B®; and 76 % F, are
existent in a phase blend. The maximum
concentration of RgO from 74 % in presence of
small amounts of R®, (10 %) and pure Fe (16 %)
in the host/guest compound is obtained at a
reduction temperature of 723 K (Tab. 1). The
composition of the bulk material at this reduction
temperature is 28 % k@, 64 % Fe,O and 7 %
pure Fe. At a reduction temperature of 873 K the
entire iron oxide is finally reduced to metallioir

for the host/guest compound as well as for the bulk
material. The results of the EXAFS-analysis carried
out for this studies are shown in Table 2. Simitar
the FgO4-phase the distances are in good
agreement with those of the bulk material. The
anticipated decrease of the coordination numbers
for the nanostructured particles is also evident.
Finally it can be said, that by means of an intvaep
reduction, up to 74 % kg0 as well as pure E®,
and Fe,0 in the pore systems of CMK-3 and
CMK-1 has been successfully synthesized.

Conclusion

In these studies the influence of the heating aaté
the composition of reduction gas on the reduction
performance of both host/guest compounds
FeO;@CMK-1 and FgO;@CMK-3 has been
shown. The kinetic reaction coherences of this
complex reduction systemFe,0; — FeO, — Fe.

O — F& do not allow an unambiguous
interpretation of the dependencies shown at the
present state of scientific research.

Nevertheless, the development of the individual
reduction phases .under different conditions has
been described. Comparisons with different sample
weights and with bulk material are useful for a
better understanding of this complex system. The
reduction steps-Fe0; — FeO, — Feg 0 — Fe

are mainly affected by the spatial and chemical
environment.

The nanostructured iron(lll) oxide particles in the
host/guest compounds were reduced to pus®fe
(at 573 K), to a maximum of kg0 of 74 % (723

K) and to pure metallic iron (873 K) with the help
of the constant temperature reduction process.

The fundamental research described in this work
enables an access to further investigations.
Magnetic measurements on the magnetite-phase
which show promising results are in progress.
Besides this, the reduced phases shall undergo
catalytic tests regarding the decomposition of
methanol.
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financial support by the Justus Liebig University
Giessen and the Fonds der Chemischen Industrie is
gratefully acknowledged.
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3 Diskussion der Ergebnisse

In diesem Kapitel sollen die wichtigsten Ergebnidse voran stehenden Veroffentlichungen
wiedergegeben werden. Gleichzeitig dient es daie, Efgebnisse im Zusammenhang
darzustellen. Alle hier getroffenen Aussagen findsrch in den voran stehenden
Veroffentlichungen V2.1 bis V2.8 wieder, auf eingadlon der entsprechende Stelle wird

daher verzichtet.

Wie schon in der Einleitung kurz beschrieben, worddie Gastspezies uber ein
nasschemisches Impragnierungsverfahren in die Ramnéte der Wirtspezies eingelagert. Die
Impragnierungsprozedur ist schematisch in Abbild@ndargestellt. Je nach Anzahl dieser
Impragnierungsprozesse werden unterschiedliche I@&ehan Metalloxiden in den

mesoporosen Kohlenstoffen erhalten. So konnten @déhalte von bis zu 65 Gew.-% fur
Eisen(lll)oxid erzielt werden. Mit Hilfe der Rontgeulverdiffraktometrie (P-XRD), der

Stickstoff-Physisorption, der Raman-Spektroskopid der Transmissionselektronenmikros-
kopie (TEM) konnte die erfolgreiche Synthese deseeiedenen Metalloxide hauptsachlich
in den Porensystemen der Wirte bei gleichzeitigéralEung der Wirtstruktur nachgewiesen

werden, wie nun stellvertretend fur alle am Beispeg0O;@CMK-1 verdeutlicht werden soll.

Lésung
abzentrifugieren
Zugabe
Me(NO;),-Lsg.
IR, XRD,

N,-Physisorption,
XAFS

Trocknen
bei RT,
Vakuum

Bildung von
Me, O,
02, 300 °C

Abbildung 3: Schema des Impragnierungs-
prozeses. Der Calcinierungprozess (Bildung
MeOy) wird hier als mit zum Impragnierungs-
prozess zugehorenetrachtet.

Typische Rontgendiffraktogramme sind in Abbildurg gezeigt. Die Beugungsreflexe der
Wirtstruktur nehmen mit jedem Impréagnierungszyklimsmer einschl. Calcinierungsprozess,
s. Abb. 3) ab und die Maxima verschieben sich hinkieineren d-Werten (Tabelle 2).
Gleichzeitig ist im hoheren Winkelbereich (Abb. 4bh dem die Hauptreflexe von

volumenkristallinem Hamatit auftreten, kein Refleu erkennen. Nach dem vierten
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Impragnierungszyklus ist nur ein schwacher,

rontgenamorphen, kleinen Eisen(lll)oxid Kristalhtesichtbar
kristallines Eisen(lll)oxid auf3erhalb der Porenkargefindet.

breitBeflex von

hauptséchlich

. Dies zeigt, dass sich kein

Intensitit

Hamatit
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Abbildung 4: a) P-XRD im unteren Winkelbereich, BXRD in
Winkelbereich, in dem die starksten Hamatitreflexdtreten, c) M
Sorptionsisothermen von CMK-1 und der entsprechendat/Gast-
Verbindung sowie d) TEM der Wirt/Gast-Verbindungmaemvierter

Imprégnierungszyklus (Probe 4).

Die Isothermen der NPhysisorption (Abb. 4c) kénnen dem Typ IV nach AgP®
zugeordnet werden; er ist typisch fir mesoporeigeaiaterialien. Daneben zeigen sie einen

gut sichtbaren Kapillarkondensationsschritt im Be#rep/p = 0,3 — 0,45 fur die Proben der
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ersten drei Impragnierungszyklen. Gleichzeitig nsit jedem Impragnierungszyklus eine
Abnahme der adsorbierten Menge an Stickstoff zubséeoten. Die Porendurchmesser
nehmen mit jedem Impragnierungszyklus ab, die Ratkenverteilung wird dabei immer

breiter (Tabelle 2). Dies ist ein Effekt, der auih @nhomogenes Fillen der Poren
zuruckzufihren ist. Die Ergebnisse dep-Bbrption deuten darauf hin, dass mit jedem
Impragnierungszyklus der Gehalt an Eisen(lll)oxiddien Mesoporen zunimmt. Zusatzlich
zeigt sich, dass das Porensystem des CMK-1 waldenhkinpragnierung nicht zerstort wird.

Tabelle 2: Daten der P-XRD und-IRhysisorptionsmessungen fir
CMK-1 und die EinlagerungsverbindungenGg@CMK-1 nach bis z
4 Impragnierungszyklen (Probe 1 bis 4).

diso[nm] doia[nm]  Sger [m¥/g] Dy [nm] V, [cm/g]

CMK-1 4,70 2,91 1403 3,11 0,74
Probel 4,65 2,89 1210 3,10 0,60
Probe 2 4,63 2,87 1005 3,06 0,46
Probe 3 4,55 - 634 3,02 0,35
Probe 4 - - 220 <1 0,30

dha: d-Werte der P-XRD-Reflexeps: innere Oberflache nach Bl
berechnet; [ Porendurchmesser nach BJH;pV Gesamtporen-
volumen im relativen Druckbereich pfp 0,97 — 0,99.

Ein reprasentatives TEM-Bild, aufgenommen nach derten Impragnierungszyklus, zeigt
deutlich, dass die Porenstruktur des CMK-1 erhalgeblieben ist und es sich keine

Eisen(lIl)oxidteilchen auf der Oberflache befinden.

Um zu Uberprifen, ob die Umsetzung vom Eisennigain Eisenoxid wahrend des
Impragnierungsprozesses vollstandig abgelauferwisten IR-Spektren aufgenommen. Mit
ihrer Hilfe konnte die vollstdndige Zersetzung deditrations wahrend der
Impragnierungsprozedur nachgewiesen werden. DidNfiiationen charakteristische Bande
bei 1380 crit war nicht mehr zu detektieren.

Wie Untersuchungen gezeigt haben, bildet sich aes cEisennitrat wahrend der
Impragnierungsprozedur Eisen(lll)oxid mit einer l@ndhnlichen Struktur in den Poren der
CMK-n aus. Volumenkristallines Hamatit selber lkalksiert im Korund-Typ. Die Sauerstoff-
atome bilden dabei eine hexagonal dichteste Kugklipay mit oktaedrischen Licken, welche
zu zwei Drittel mit Eisen(lll)ionen gefullt sind.o&it ergeben sich Fe&@Dktaeder, die Uber
die Seite, die Ecke und die Kante miteinander vigokin sind®“***° Bedingt durch die
Nanostrukturierung der Einlagerungsverbindung wanctdie ermittelten Werte fur die
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Koordinationszahlen und Atomabstande von denervVdasnenkristalls ab. Dennoch ist, wie
spater gezeigt wird, eine hamatitdhnliche Struautlich nachzuweisen.

Um einen Einblick in die lokale Struktur des gebtleh Eisen(lll)oxides sowie eine
Bestatigung der Bildung derselben zu bekommen, @uRibntgenabsorptionsspektren (XAS)
an der Fe K-Kante aufgenommen. Von den aufgenomm8pektren wurde der Bereich der
EXAFS (extended Xray dsorption_ine gructure) fur die Auswertung benutzt. Eine daraus
extrahierte, modifizierte radiale Verteilungsfumktiist in Abbildung 5 dargestellt. Deutlich
ist zu sehen, dass die Einlagerungsverbindung inge@eatz zum volumenkristallinen
Hamatit keine Koordinationsschalen bei gréRerenigtatieziehungsweise Bindungslangen
aufzeigt (3,5 A zu 7,5 A), ein Effekt, der durchedkleinen PartikelgroRen oder ,static
disorder effects* der nanostrukturierten Einlagegyverbindungen bedingt ist. Gleichzeitig
ist die Intensitat der Fe-Fe-Schalen gegenlber deflnmenkristallinen Hamatit stark
reduziert, ebenfalls ein Effekt hervorgerufen duratie Nanostrukturierung des
Eisen(lIl)oxides.

Wie schon Blak& gezeigt hat, kénnen aus den einzelnen Schalemmatimnen iiber den
Aufbau der Fe@Oktaeder gewonnen werden. Im Bereich von 1,9 fish3treten die Fe-Fe-
Schalen auf, die, bedingt durch die verschiedenerknlipfungsarten der Fe@ktaeder, in

vier Unterschalen aufgeteilt werden kdnnen.

7Fe-Fe

Hamatit

FT (x(k)*k*3)

R [A]

Abbildung 5: Modifizierte radiale Verteilungs-
funktion von der EXAFSszillation an de
Eisen K-Kante der Wirt/Gasterbindung
Fe,Os@CMK-1 nach dem vierten Impragnie-
rungszyklus und der von volumenkristallinem
Hamatit.
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Die Koordinationsschalen bis zu 3,28 A werden duiébhen- und kantenverkniipfte, die
oberhalb davon durch eckenverknipfte Oktaeder detbiMit Hilfe einer EXAFS-Analyse
kbnnen nun die zu den auftretenden Schalen gehémemirameter wie Abstand und
Koordinationszahl des volumenkristallinen Hamatiisd der Wirt/Gast-Verbindungen
ermittelt, mit Werten aus Einkristalldaten vergkch und somit Strukturveranderungen
aufgezeigt werden. Die Analyse hat gezeigt, dassPdirameter fir das volumenkristalline
Hamatit in guter Ubereinstimmung mit den Einkrigtaten liegen. Im Gegensatz dazu zeigt
die Einlagerungsverbindung eine deutliche Abnahmieden Koordinationszahlen, welche
typisch fir kleine Partikel und ,static disorder feets* ist. Im Gegensatz zum
volumenkristallinen Hamatit tritt die erste Schder Nanopartikel bei einem Abstand von
2,94 A auf. Dieser Abstand liegt zwischen denen Mamcead" angegebenen fiir seiten- und
eckenverknipften Eisen(lll)oxid-Oktaedern. In dearddsystemen der CMK-n wurden also
ungeordnete  Eisen(lll)oxid-Nanopartikel  synthetisie die im  Vergleich zum

volumenkristallinen Hamatit aus FeQktaeder ohne Flachenverknipfungen bestehen.

Um weiterreichende Informationen aus der EXAFS-A&salzu erhalten, wurde die bisher
Ubliche Auswertungs- und Fitprozedur dem nanostmigditen Eisen(lll)oxidsystem

angepasst. Mit Hilfe der EXAFS-Analyse unter Einbbaang von Mehrfachstreupfaden und
einer neuen Prozedur bei der Verfeinerung der FEES konnten so neue
Strukturinformationen gewonnen, deren Gewinnundpdsisnicht moglich war. Dieser neue

Weg ist schematisch in Abbildung 6 dargestellt.

Der umfassende Vergleich zwischen der herkommlichrehder neuen Auswertungsprozedur
unter Bertcksichtigung z.B. der Mehrfachstreupfadi, Fe-O-Schalen und den Beitragen
von hoheren Schalen ist ausfuhrlich in der Verdfiemung V2.6 beschrieben. Als ein
Ergebnis wurde gezeigt, dass mit Hilfe der neuez&dur eine umfassende Strukturanalyse
sowohl des volumenkristallinen Hamatits als auclh Balagerungsverbindung lber die
ersten 4 Fe-Fe-Schalen moglich ist. Fir das volknsalline Hamatit wurde eine sehr gute
Ubereinstimmung zwischen den gewonnenen Paramdiarndie Bindungslange und
Koordinationszahl mit denen der Einkristalldatemigtelt. Einzige Ausnahme bildet die
starke Abnahme der Koordinationszahl in der viertéa-Fe-Schale gegeniber den
Einkristalldaten. Diese fur hohere Schalen wohlbeka Reduktion, zusammen mit den sich
nicht signifikant &ndernden Debye-Waller-Faktorish,wahrscheinlich auf kleinste Partikel

im volumenkristallinen Hamatit oder eine struktige¢lnordnung zurtickzufiihren.
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gewohnlicher Weg

Einkristalldaten

n”| atoms

‘ru
FEFF input file
(Einkristalldaten)
neuer Weg I filtering| weight”: 2 %

FEFF input file
(simuliert)
FEFF input file
(verfeinert)

Abbildung 6: Gewo6hnliche und newerfeinerte
Prozedur fir die FEFF-Files.

Die Koordinationszahlen der Einlagerungsverbindangand im Vergleich mit denen des
Einkristalls signifikant kleiner. Dagegen wiesene dDebye-Waller-Faktoren nur kleine
Anderungen auf. Die Kombination aus der Reduktien Koordinationszahlen mit den nur
minimalen Anderungen der Debye-Waller-Faktoren tzeigss sich im Porensystem sehr
kleine Nanopartikel (< 3 nm) gebildet haben. Distefe-Fe-Schale tritt bei einem Abstand
auf, bei dem sich die Oktaeder nur tber die Kantenicht wie im Einkristall tber die Flache
miteinander verknipfen koénnen. Auch die Bindunggtin fur die zweite und vierte
Koordinationsschale unterscheiden sich von denean Eiekristalldaten, sie gehéren zu
kanten- und eckenverkntpften Oktaedern. Andersbalsn volumenkristallinen Hamatit
treten keine flachenverkniipften Oktaeder # 2,91 A) auf. Diese vollstandige
Strukturinformation bezlglich der nanostrukturiartEinlagerungsverbindung ist nur mit
Hilfe der verfeinerten Auswerteprozedur mdoglich. BEeurde gezeigt, dass dieses
Eisen(lll)oxid aus kanten- und eckenverknupften &F6®taedern besteht. Ein Effekt, der auf
die sehr kleinen Teilchen in den Poren zurickzuihist. Die im Hamatit auftretenden

flachenverknlpften Oktaeder konnten nicht nachgssvieverden.

Nach der Synthese und Charakterisierung der Einlagsverbindungen F®;@CMK-1 und
FeO;s@CMK-3 wurden auch weitere 3d-Metalloxide von Mamg&obalt, Nickel, Kupfer
und Zink in den mesoporésen Kohlenstoffen erfotgresynthetisiert. Im Anschluss daran

erfolgte die Reduktion innerhalb der Porensystenteemem Gemisch aus 5 % Wasserstoff
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in Stickstoff. Neben den bereits oben beschriebém#ersuchungsmethoden mittels P-XRD,
TEM, IR- und Raman-Spektroskopie wurde an dieseb&hserie eine XANES- und EXAFS-
Analyse durchgefuhrt.

Ein erster Blick auf die XANES-Spektren (Abb. 7,xOy@CMK-3) zeigt, dass jeweils zwei
Spektren (Einlagerungsverbindung und Volumenktjstgleiche Kantenpositionen und
gleiches Schwingungsverhalten aufweisen. Diesimsteester Hinweis auf die in den Poren

vorliegende Phase.

Gleichzeitig ist eine fiir kleine Teilchen typischerbreiterung der Kante zu erkenrfén.
Einige Spektren zeigen kleine Vorkantenpeaks (dgeepeaks) die mit denen des
Volumenkristalls Ubereinstimmen. Ein Vergleich dexge der Absorptionskanten zwischen
der jeweiligen unreduzierten und reduzierten Vetbirg zeigt die erwartete Verschiebung
hin zu kleineren Energien. Sie betragt zum BeisftieFeO; - Fe ~ 8 eV, NiO- Ni ~ 0,8
eV und ~ 4 eV fur CuQs Cu, jeweils Oxid minus Metall. Diese Werte stimnsair gut mit

den Literaturwerten der entsprechenden Volumeraltigstibereirr?

e

S,

[=

2

=

=)

@

2 a CuO

g b CuO@CMK-3
S ¢ Cu@CMK-3
< d Cu

895 900 905 910 915  9.20
Photonenenergie [keV]

Abbildung 7: Normalisierte Cu-K-XANES-
Spektren der Verbindung @@@CMK-3
und den entsprechenden Volurkestaller
Cu und CuO.

Zusatzlich zu den oben beschriebenen Untersuchwetgsaen wurde eine

Linearkombination (LC) unterschiedlicher XANES-Sprek durchgefiihrt. Dabei handelt es
sich vereinfacht gesagt um einen linearkombinathaes Fit von Nahkantenspektren der
Rontgenabsorptionsspektroskopie. Dafur werden zuerschiedene bekannte Verbindungen

an der gleichen Absorptionskante aufgenommen. Mih danschlieenden Auswertungs-
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verfahren kénnen dann deren Anteile an der unbe&anginlagerungsverbindung bestimmt
werden. Somit wurde zum einen die gebildete Phasemmt und zum anderen die Phasen-
reinheit der Einlagerungsverbindungen gezeigt: Bslesy MNnQ@CMK-3 zu MNO@CMK-3,
FeOs@CMK-3 zu Fe@CMK-3, C®O,@CMK-3 zu Co@CMK-3 NiIO@CMK-3 zu
Ni@CMK-3 und CuO@CMK-3 zu Cu@CMK-3 reduziert.

Mit Hilfe der EXAFS-Analyse wurden die Ergebnisssr C XANES-Fits bestétigt und der
raumliche Aufbau der gebildeten Einlagerungsvenbnggn bestimmt. Die oben fir das
System FgO;@CMK-1 gemachten Aussagen kdnnen analog Ubernonagten.

Die beiden durchgefihrten XAS-Analysen zeigen dautldass in dem Porensystem vom
CMK-3 leicht ungeordnete Nanopartikel der 3d-Metalhd Metalloxide gebildet wurden. Im
Fall von ZnO@CMK-3 wurde eine Strukturverbesserimd@ezug auf die Einkristalldaten
durch den Reduktionsprozess und im Fall von M@&QMK-3 eine Reduktion zu
MnO@CMK-3 und nicht zu MN@CMK-3 festgestellt. EiReduktion zu Zn@CMK-3 und
Mn@CMK-3 ist durch die Bedingungen wahrend des Redunsprozesses nicht maglich.

Wie schon in der Einleitung ausgefuhrt und begrtivdarde, bildet das Eisenoxidsystem
einen Schwerpunkt bei den durchgefihrten Redukiimiessuchungen. Ziel war es,
Informationen Uber das Reduktionsverhalten von staakturierten Metalloxiden innerhalb
der Porensysteme der Gaststrukturen zu gewinnen, sommoglichst phasenreines,
nanostrukturiertes Magnetit, WuUstit und Eisen hsiien zu kdnnen. Dazu wurden
umfangreiche Reduktionsuntersuchungen unter Vanatiler Reduktionsparameter wie
Heizrate und Reduktionsgasmenge durchgefiihrt. Awesgkvon diesen Ergebnissen wurden
dann ausgewdahlte Proben einer zeitabhdngigen Redulktei konstanter Temperatur
unterzogen, um so eine gréRtmogliche Menge an takbgriertem Magnetit, Wistit und
Eisen in den Poren der Wirtstruktur herstellen @arien.

Jede Einlagerungsverbindung wurde mittels der @hggefihrten Methoden charakterisiert.
Ein Schwerpunkt dabei bildeten wie bereits besblenedie Strukturuntersuchungen der
Gastspezies mit Hilfe der Rontgenabsorptionsspskdqme (LC-XANES und EXAFS). Aus
den Ergebnissen der Strukturuntersuchungen wurdestiviedene Reduktionsprofile erstellt,
jeweils in Abhangigkeit von der Heizrate und dernge an Reduktionsgas, und miteinander
verglichen. Ein typisches Reduktionsprofil zeigt dibbildung 8.

Das erste Maximum des Reduktionsprofils zeigt dewandlung von Hamatit zu Magnetit,

das zweite die von Magnetit zu dem nicht-stochioiseten Wiastit und das dritte die
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Reduktion zum metallischen Eisen. Gleichzeitig zelig Abbildung 8 die Entwicklung der
einzelnen Eisenoxidphasen wahrend des Reduktiorsgses.

Um einen Eindruck Uber die Komplexitat der Reduktam bekommen, sind in Abbildung 8
die Entwicklung der Magnetitphase aus der Reduktien Probe F©;@CMK-3 unter

verschiedenen Reduktionsbedingungen dargestedlts@i hier stellvertretend fir die anderen

Phasenentwicklungen diskutiert werden.
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Abbildung 9: Entwicklung der Magnetitphase der Y@dst-Verbindung FO;@CMK-=3 in
Abhangigkeit von der Heizrate und der Wassersto#f&ntration.

Es ist sehr deutlich zu sehen, dass der relativteildan Magnetit nicht von der Heizrate und
der Wasserstoffkonzentration abhangt. Er liegt imaveschen 80 und 90 %, der ,hochste”
Anteil wird dabei mit der niedrigsten Wasserstoffkentration erreicht. Dieser Effekt kann
auf eine langsamere Reduktion bei abnehmender Vg&sifeonzentration zurickgefihrt

werden und bewirkt damit gleichzeitig eine gerimg&eduktionsrate fur die Reduktion zu

Fe. O@CMK-3.
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Zu sehen st auch, dass die Bildung von;Jz@CMK-3 mit abnehmender
Wasserstoffkonzentration hin zu hoéheren Tempematukerschoben wird und die
Intervallbreite entsprechend zunimmt. Ein Effekter debenfalls auf eine langsamere

Reduktion bei abnehmender Wasserstoffkonzentratioinckzufihren ist.

Um die wahrend der Reduktion der einzelnen Prohdinedenden Effekte zu verdeutlichen,
wurden die Korrelationen zwischen der Heizrate, d®asserstoffkonzentration, der
maximalen Reduktionstemperatur und der Reduktioesiallbreite (Halbwertsbreiten,
FWHM) fir die Magnetitphase aus den Messungen dbbildung 9 extrahiert und
zusammengefasst (Abb. 10).
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Abbildung 10: a) Temperaturen,3, bei denen die maximalen Konzetitvaen an Magnel
auftreten, b) die HalbwertsbreitefiT der Reduktionsintervalle und c) die Zeitspadihelel
Reduktionsintervalldir verschiedene Wasserstoffkonzentrationen in Adigieit von de
Heizraten bei der Reduktion von Egs@CMK-3.

Es bedeutet:n)1 % H; (¢) 5 % H;(4) 50 % H in No.

In der Abbildung 10a ist ein deutlich linearer Zoaenhang zwischen der Temperatur, bei
der die maximale Konzentration an Magnetit auft(iti,.), und der Heizrate fir die
jeweiligen Wasserstoffkonzentrationen sichtbar. Demperaturen, bei denen die maximale
Magnetitkonzentration erreicht wird, ist annahegtelch fir die Proben, die mit 1 % und 5 %
H, in N, reduziert wurden. Sie startet bei 680 K flir digziFkete von 2 °/min und steigt mit
zunehmender Heizrate auf 730 K. Fur die Wassekstoflentration von 50 % ist eine
deutliche Verschiebung zu niedrigeren mad zu erkennen. Der Einfluss der
Wasserstoffkonzentration auf ,Jx ist signifikant. Die deutlich niedrigere maximale
Temperatur fur die hohe Wasserstoffkonzentrationnkenit einer schnelleren Reduktion,
bedingt durch die héhere Wasserstoffkonzentragddart werden.

Der Einfluss der Wasserstoffkonzentration und deeizkhate auf die Breite des
ReduktionsintervallsAT) zeigt keinen so klaren Trend. Daher sollte digerpretation der

Abbildung 10b sehr vorsichtig erfolgen. Als erstss ein sehr deutlicher Einfluss der
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Wasserstoffkonzentration auf die Breite des Radokintervalls sichtbar. Bei der niedrigen
Wasserstoffkonzentration von 1 % bendtigt die Ré&dukmehr Zeit als bei den héheren, was
zu einer Verbreiterung voiuT fihrt.

Eine deutliche lineare Korrelation zwischen derZrdsie und der Reduktionsintervallbreite
fur die Proben reduziert mit 1 % und 5 %iBk nicht zu erkennen. Es sieht aber so aus,kals o
AT mit zunehmender Heizrate breiter wird. Dabeitscdlber der Einfluss der Reaktionszeit
zusatzlich zur Temperatur nicht vernachlassigt eerdDas ReduktionsintervalAT ist
begrenzt durch die Starttemperatyumnd die Endtemperatur=TDiese Temperaturen werden,
bedingt durch die verschiedenen Heizraten, nackrsettiedlichen Zeiten erreicht. Durch den
schnelleren Reduktionsprozess bei der Heizratenl@f/min nimmtAT zu, da das System
noch Zeit fir die Einstellung des Gleichgewichtendtigt. Daher sind Uberlegungen fir
diese Intervalle sehr schwierig. Bei der htchsteas¥érstoffkonzentration scheint es so, als
ob mit zunehmender Heizrate das Reduktionsinteklaiher wird. Dieser Effekt ist auf eine
hohere Reaktionsgeschwindigkeit, bedingt durch ¢iehe Wasserstoffkonzentration,
zuruckzufuhren, obwohl die kleinere Reduktionseaentlich zu einer Verbreiterung v
fuhren sollte. Bei dieser hohen Heizrate hat deletschied zwischen 5 % und 50 % éinen
merklichen Einfluss auf die ReduktionsintervallbeeiBei 50 % H sind die Reduktions-
intervalleAT, unabhéngig von der Heizrate, annédhernd gleicktha 50 K.

Erganzend zeigt Abbildung 10c die oben angespracAdamangigkeit der Reduktion von der
Zeit. Die Zeitspannem\t der Reduktionsintervalle nehmen fur die jeweitig&/asserstoff-
konzentrationen mit abnehmender Heizrate zu. Diesenutlich exponentielle Abnahme

untermauert die oben gemachten Aussagen.

Das Reduktionsverhalten der nanostrukturiertenrgisielteilchen ist, wie oben auszugsweise
gezeigt, von der Menge an Wasserstoff und der Rexhdtemperatur abhangig. Ein Grund
koénnte sein, dass die Teilchen mit zunehmender €eatyr mobiler werden und sich so zu
groReren Partikeln, natdrlich immer noch beschradkirch den Porendurchmesser,
zusammenlagern kénnen und somit ihr Reduktionsiterha@ndern. Das Oberflachen- zu
Volumenverhaltnis der Partikel nimmt mit zunehmenBartikelgroRe ab und somit findet
eine Verlagerung hin zu hdéheren Temperaturen undekén Reduktionsintervallen statt.
Dieser Effekt wurde auch am volumenkristallinen Héitrnachgewiesen. Daneben hat auch
die Wahrscheinlichkeit des Zusammentreffens voreriigidteilchen mit den Wasserstoff-

teilchen einen Einfluss auf den Reduktionsverlaidie Wahrscheinlichkeit des
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Aufeinandertreffens zweier Teilchen und damit dieee Reaktion nimmt mit steigender

Wasserstoffkonzentrationen und Temperatur zu.

Das grofdte Problem bei den Versuchen, eine Erldgrdiir die beobachteten
Verhaltensweisen wahrend der Reduktion zu findegt lin der Komplexitat des Systems
selber. Die auftretenden Reduktionsreaktionen taafe Konkurrenzreaktionen ab, bei denen
der durch Reduktion freigesetzte Sauerstoff einekRaaktion (Oxidation) hervorruft. Diese
Konkurrenzreaktionen stehen alle in einem therngscBleichgewicht miteinander, welches
sich durch die steigende Reaktionstemperatur gandeu einzustellen versucht.
Untersuchungen zur standigen Neueinstellung desntbehen Gleichgewichtes und dem
Ablauf der Konkurrenzreaktionen, unmittelbar beleisdt durch die Heizrate und die
Wasserstoffkonzentration, konnten vermutlich dieerobbeobachteten und diskutierten
Ergebnisse detaillierter erklaren. Dazu wéare eingfitdirliche kinetische Untersuchung der
Reduktionen winschenswert. Leider ist die Wissesfédteutzutage noch nicht in der Lage,
diese komplexen, nicht zeit- sondern temperaturadpb@n Reaktionen Kkinetisch zu

interpretieren.

Neben den oben beschriebenen temperatur- und whdernzentrationsabhéngigen
Reduktionen wurden auch Reduktionen bei konstaregerperatur durchgefihrt. Dazu wurde
die Probe moglichst schnell auf die gewiinschte Tezaipr geheizt, bis zum Reduktionsende

dort gehalten, dann schnell abgekihlt und hintecharakterisiert.

Wie aus der Tabelle 3 zu entnehmen ist, wird beai Beduktion unter bestimmten
Bedingungen phasenreines Magnetit und Eisen alak@edsprodukt sowie ein hoher Anteil

an Wistit (max. 74 %) in den Porensystemen derspestes erhalten.

Deutlich zu sehen ist, dass bei einer Temperatar5#3 K das Eisen(lll)oxid im CMK-3 zu
einer reinen Magnetitphase, das volumenkristallidenatit zu einem Gemisch aus Hamatit
(40 %) und Magnetit (69%) reduziert wird. Dies mihdeutig ein Effekt, der auf die
Nanostrukturierung bzw. die diinnen Schichten dser{ill)oxide in den Porensystemen der

Wirtspezies gegenuber dem volumenkristallinen Harmattckzufiihren ist.
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Tabelle 3: Ergebnisse der LC-XANES Analyse fur \(et/Gast-
Verbindung (wgv) F®O;@CMK-3 sowie fiur dasrolumenkristallin
Hamatit (vh) nach den jeweiligen Reduktionspregasbei konstant:
Temperaturen mit 5 % Hn N,.

Temperatur Phase / Fe,0; Fes04 Fe, O Fe
Antell
wgv - 99 % - -
>3 K vh 40% 60% - -
wgv 4% T76% 20% -
623K vh . 99% - :
wgv - 10% 74 % 16 %
723K vh ~ 8% 64% 7%
wgv - - - 100 %
873K vh : ! : 99 %

“-“ pedeutet, dass mit dieser Methode keine Phastektiert wurde.

Die oben beschriebenen Reduktionsexperimente swié, schon in der Einleitung
beschrieben, sehr zeit- und materialaufwendig.édhie temperaturabhéngige Reduktion wie
der in Abbildung 8 gezeigten, wurden 35 Reduktioséize einschlie3lich spaterer
Charakterisierung durchgefiihrt. Fur jeden der 38kRBumusste die Reduktionsanlage wieder
abgekuhlt, neu bestickt und gestartet werden, esgesamt sehr zeitaufwendiges
Unternehmen, gerade bei den niedrigen Heizrateraudafolgte die Uberlegung, die
Reduktionin situ zu verfolgen. Obwohl dien situ Réntgenabsorptionsspektroskopie gerade
auf dem Gebiet der Katalyse schon lange angewewitel, gab es keine geeignete
Reaktionszelle fur diese Art von Proben. Entwedstrite mit den existierenden Zellen nicht
hoch genug geheizt werden, die Benutzung von Wstedewar nicht moglich oder sie hatte

kein Fenster zur Detektion der Fluoreszenzstrahlung

Letzteres war wegen der geringen Menge an Eiseh&il unabdingbar. Aus dieser Not
heraus wurde eine entsprechende Reduktionszekde(sAbbildung 11) entwickelt und
erfolgreich getestet. Selbstverstandlich ist denskiz dieser Zelle nicht auf die hier

bendtigten Parameter beschrankt.
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D __Gasflussrichtung

Abbildung 11 Links: Schematische Zeichnung der Zelle
A:  TH0Ormiges Quarzrohr, B: Heizbereich (grau schat
C:. Probenposition, D: Temperaturfihler, E: Probetthg
F: Wasserkuhlung des Fluoreszenzarms. Rechts: Btiokoben auf d
geobffnete Zelle und teilweise entfernter Isolierung

Nach den ersten erfolgreichen Tests wurde die teatyr@abhangige Reduktion des
nanostrukturierten Eisen(lll)oxides im @B@CMK-1 sowie die von volumenkristallinem
Hamatit durchgefihrt. Aus der Serie der erhalte8pektren (siehe Abbildung 12) wurden
mittels einer Faktoranalyse nach Malinowakind Ressléf die Anteile der einzelnen
Eisenoxidphasen bestimmt. Deutlich sind die Andgeinder weien Linie und der EXAFS-
Oszillationen wahrend der Reduktion zu sehen. Auehé&ndert sich die Kantenlage um 8 eV
bei der Umwandlung von F@;@CMK-1 zu Fe@CMK-1.

330 K

950 K

norm. Absorption

7.10 7.15 7.20 7.25
keV

Abbildung 12: Temperaturabhangige in situ XAS-
Messungen an der Fe K-Kante von,Gg@CMK-1
wahrend der Reduktion mit 4 % kh N,.
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Bei einem Vergleich der auftretenden Phasen (Abbidd 13) von der Einlagerungs-
verbindung und dem volumenkristallinen Hamatit ideutlich zu sehen, dass das
Reduktionsintervall der Einlagerungsverbindung schei niedrigeren Temperaturen beginnt
und fast doppelt so breit ist. Der frihere Redulghmeginn ist vermutlich auf die geringe
TeilchengrofRe (< 3 nm) und damit eine erhdhte tbehlmamische Aktivitat der Eisen(lll)-
oxidteilchen im FgOs@CMK-1 zurtickzufiihren. Die Verbreiterung des Rethuidintervalls
kann wahrscheinlich mit einer durch die Poren exsecten bzw. eingeschrankten Diffusion
der Wasserstoffmolekule erklart werden.

Abschlie3end lasst sich zu diesen Untersuchungegensadass die Reduktion von
FeOs@CMK-1 nicht so schnell wie beim volumenkristallingHamatit bei gleichzeitig
besserer Auflosung der einzelnen Phasen ablaufiegsen werden darf aber nicht, dass auch

der Kohlenstoff der Wirtstruktur einen Einfluss alafs Reduktionsverhalten haben konnte.

o —=—Fe0, ——Fe0,@CMK-1
a —8—Fe0O,  —5—Fe0,@CMK-1 b —e—Fe —O0— Fe@CMK-1
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Abbildung 13 Vergleich zwischen den jeweiligen Eisenoxidphadenwahrend de
Reduktion von FE©;@CMK-1 und volumenkristallinem Hamatit auftreten.
Durch diesein situ Reduktion und Detektion ist es nun in Zukunft mégl umfangreiche
Redoxuntersuchungen zeit- und materialeffizientbetreiben. Vernachlassigt werden darf

dabei allerdings nicht der Zeitaufwand, welcherdiive verninftige Auswertung der Spektren
notwendig ist.

Parallel zu den hier beschriebenen Untersuchungeren Proben von E®,@CMK-n
ersten katalytischen Tests unterzogen. Da diests hieeht von mir, sondern von Mitarbeitern
des Instituts fur Organische Chemie und des Instftu Katalyse der Bulgarischen Akademie
der Wissenschaften in Sofia unter Leitung von Pif. Christo Minchev durchgefuhrt

wurden, soll an dieser Stelle nur ein kurzer Abiilser die Ergebnisse erfolgen.
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Untersucht wurde die katalytische Aktivitat versatenen modifizierter K®,@CMK-n auf
die Methanolzersetzung zu Methan und Kohlenstofidio als Hauptprodukte. Die
Einlagerungsverbindungen wurden aus einer wassr{@gnund einer ethanolischen (B)
Eisennitratldsung unterschiedlicher Konzentratidnufid 0,5 M) hergestellt und dement-
sprechend als z.B. 0.5FeCMK-3A bezeichnet. Die tatprabhangige Methanolzersetzung
der verschiedenen katalytischen Spezies ist inldbbg 14 dargestellt.

In Abhangigkeit von der Menge an nanostukturiertErmmsen(lll)oxid ist ein signifikanter
katalytischer Effekt fur Temperaturen hoher als &00r 0.5FeCMK-n bzw. 625 K fir
5FeCMK-n sichtbar. Bei der Massenbilanzierung fie dollstandige Methanolumsetzung

sind keine Unterschiede zu erkennen.
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Abbildung 14 Methanolumsetzung (A) und MethanselektivitatiiBAbhangigke
der Temperatur fur verschieden modifizierte Einlaggsverbindungen der /
Fe,0;@CMK-n.

Im Gegensatz dazu hat die Porenstruktur und dig&eimpragnierung eingesetzte Losung
einen signifikanten, temperaturunabhangigen Eisflasf die Produktverteilung. Insgesamt
gesehen ist eine hohere katalytische Aktivitat @z auf die Methanbildung bei den aus den
ethanolischen Losungen synthetisierten ProbenbsichGleichzeitig weisen die Proben der
Serie CMK-1A eine hohere Methanselektivitat als dige Serie CMK-3A auf. Diese Effekte

wurden auch durch katalytische Experimente untgheymischen Bedingungen bestatigt.
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4 Zusammenfassung

Zum ersten Mal wurden nanostrukturierte Metalloxider 3d-Ubergangsmetalle in den
Porensystemen von geordneten mesopordsen Kohlmstadynthetisiert. Uber ein
nasschemisches Impragnierungsverfahren wurden st/Ga&st-Verbindungen vom Typ
Me,Oy,@CMK-n mit n = 1 und Me = Fe, Cu, Co sowie mit 13 tind Me = Mn, Fe, Co, Ni,
Cu und Zn erhalten. Dian situ Synthese fuhrt zur Bildung von fein verteilten,
nanostrukturierten Metalloxidteilchen, die in ihf@rof3e durch den Porendurchmesser der
mesoporésen Kohlenstoffe beschrankt sind. Durcle ékeduktion innerhalb der Poren
wurden aus den Metalloxiden von Eisen, Kobalt, Kicknd Kupfer die entsprechenden
nanostrukturierten Metalle erhalten. Mangan(IV)owidrde zu Mangan(ll)oxid reduziert und
fur Zinkoxid wurde eine Verbesserung der Struktar Bezug auf die Einkristalldaten
beobachtet.

Die Wirt/Gastverbindungen wurden mit dem sich epgénden, leistungsstarken Kanon an
Untersuchungsmethoden wie der P-XRD;Mhysisorption, TEM, IR-Spektroskopie, Raman-
Spektroskopie und XAS charakterisiert. Damit wui@@ die Erhaltung der Wirtstruktur

wahrend der Impragnierungsprozesse und der Redektiaind (b) die Einlagerung der
Gaststrukturen Uberwiegend in den Porenkandlen nictit auf der Oberflache der

Wirtstruktur nachgewiesen. Mit Hilfe der RoOntgenaipsionsspektroskopie wurde ein
umfangreiches Bild Uber die strukturelle Nahordnuwiegy Gastverbindungen gewonnen:
Durch die Auswertungen der XANES wurden die Struday durch die Auswertung der

EXAFS die Strukturparameter erhalten. Zusatzlichermauerte die EXAFS-Analyse die
Bildung von kleinen, leicht ungeordneten Nanopaitikn der Grof3enordnung < 3 nm. Somit
wurde die Bildung von leicht ungeordneten Metallgrd Metalloxiden in den Porenkanélen

der mesopordsen Kohlenstoffe CMK-1 und CMK-3 nag¥igeen.

Fur die Auswerteprozedur wurde, bedingt durch dendsétrukturierung der Wirt/Gast-
Verbindungen, die herkdmmliche Auswerteprozedurfemeert und die damit erzielten
Ergebnisse der der Standardprozedur gegenubetgeSiemit wurde Zugang zu einem
Auswerteverfahren geschaffen, mit dem auch Spektren Teilchen kleiner 3 nm
umfassender ausgewertet werden kdnnen. So wame®eispiel erstmalig moglich, fur das
Eisen(ll)oxid im FeOs@CMK-n Aussagen Uber die ersten vier Fe-Fe-Schalemachen

sowie das Fehlen von seitenverknipften Oktaedeshzuaveisen.
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Erstmalig wurde das Reduktionsverhalten von naoktrierten Eisen(lll)oxiden strukturiert
und umfassend untersucht. Die Reduktionen der Rrdb@O;@CMK-n wie auch des
volumenkristallinen Hamatits als Referenzsubstanzen dabei sowohl temperatur- als auch
zeitabhéngig durchgefuhrt. Die temperaturabhangigéteduktionen zeigen die
Abhangigkeiten der Bildung der einzelnen auftre@ndhasen u.a. von der Heizrate, der
Menge an Reduktionsgas und der Menge an Eisen(idl)olm Vergleich zum
volumenkristallinen Hamatit beginnt die Reduktioa lden Wirt/Gast-Verbindungen schon
bei geringeren Temperaturen, die einzelnen Phased besser aufgeldést und das
Reduktionsintervall ist verbreitert. Die bei demnkzexen Reduktionssystem Hamatit —
Magnetit — Wstit — Eisen stattfindenden Konkurreaktionen erlauben nach dem heutigen
Stand der Wissenschaft leider noch keine umfanigeeimterpretation des beschriebenen
Reduktionsverhaltens. Es ist jedoch zu sehen,diad®eduktionsschritte hauptsachlich durch
den Anteil an Wasserstoff sowie der Reduktionsteatpe beeinflusst werden.

Mittels der zeitabh&ngigen Reduktionen wurde phasees Magnetit und Eisen sowie ein
hoher Anteil an Wstit in den Porensystemen detstuktur erzielt. Somit wurde eine erste
umfangreiche Studie beziglich des Reduktionsverhsltier nanostrukturierten Eisenoxide in

den Porensystemen der mesoporésen Kohlenstoffe CMkd CMK-3 vorgestellt.

Die Reduktion der Gastsysteme mit anschlielendaraRterisierung ist sehr zeit- und
materialaufwendig. Eine elegante, schnelle Methetldie Verfolgung der Reduktion situ
mittels in situ XAS. Speziell dafir wurde eine entsprechende Raakzelle entwickelt und

implementiert.

Parallel zu den hier beschriebenen Untersuchungaemlen Wirt/Gast-Verbindungen vom
Typ F&Oy@CMK-n ersten katalytischen Tests unterzogen. Dieselen in Kooperationen
mit dem Institut fir Organische Chemie und dem tuistfir Katalyse der Bulgarischen
Akademie der Wissenschaften in Sofia unter Leitwmyn Prof. Dr. Christo Minchev

durchgefuhrt.
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