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ABSTRACT

Shape-controlled iron oxide and gold-iron oxide catalysts with a cubic inverse spinel
structure were studied in this thesis for the oxidative dehydrogenation of cyclohexane.
The structure of iron oxide and gold-iron oxide catalysts has no major impact on their
oxidative dehydrogenation activity. However, the product selectivity is influenced. Both
cyclohexene and benzene are formed on bare iron oxide nanoshapes, while benzene is the
only dehydrogenation product in the presence of gold. The selectivity of benzene over
CO2 depends strongly on the stability of the iron oxide support and the gold-support
interaction. The highest benzene yield has been observed on gold-iron oxide octahedra.
{111}-bound nanooctahedra are highly stable in reaction conditions at 300 °C, while
{100}-bound nanocubes start to sinter above 250 °C. The highest benzene yield has been
observed on gold-iron oxide nanooctahedra, which are likely to have gold atoms, and
few-atom gold clusters strongly-bound on their surface. Cationic gold appears to be the
active site for benzene formation.
An all-organic method to prepare Au-FeOx nano-catalysts is needed due to the
inconvenience of the half-organic, half-inorganic synthesis process discussed above.
Several methods from the literature to prepare gold-iron oxide nanocomposites
completely in organic solvents were reviewed and followed. FeOx@Au synthesis
procedures in literatures are initially designed for a Au content of over 70%. This
approach was tried here to prepare composites with a much lower Au content (2-5
atom. %).
Heat treatment is required to bond Au and FeOx NPs in the organic-phase syntheses.
ii

Au-FeOx-4 was obtained as a selective catalyst for the ODH of cyclohexane. A Auδ+ peak
is observed in the UV-Vis spectrum of sample Au-FeOx-4. This different Auδ+ form may
be cationic Au nano-clusters interacting with the FeOx support. It has been demonstrated
that cationic gold is responsible for dehydrogenation behavior. Furthermore, the yield of
benzene in preliminary ODH tests of Au-FeOx-4 also proved the interaction between Au
and FeOx. That explains the dehydrogenation activity of sample Au-FeOx-4. Therefore,
the synthesis parameters of sample Au-FeOx-4 are recommended in further studies.
Thermodynamic equilibria governing the cyclohexane dehydrogenation reaction and the
phase transformation of the iron oxides used as catalysts have been considered as a
reference, in a separate chapter.
The all-organic method by thermolysis described in this thesis work can be used in
preparations of Au/FeOx so that the density of Au cations is maximized. Gold deposition
in an organic phase helps to manipulate the surface dispersion of Au, perhaps more
precisely than doping Au in the inorganic phase. Such materials can be good not only for
the ODH reaction, but also for the WGS reaction. This newly developed synthesis
method is worth exploring in future.
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CHAPTER 1

INTRODUCTION

1.1 Dehydrogenation of Cyclohexane and Petroleum Reforming

In dehydrogenation of cycloalkanes, most of the work has been carried out with
cyclohexane, because not only is the progress of its cyclohexane easily followed (as with
benzene hydrogenation) but also because of its relevance to the catalytic chemistry of
petroleum reforming. The reaction equation is:

Dehydrogenation of cyclohexane is of great importance to catalytic naphtha reforming, a
crucial step in petroleum refining process. One of the major reactions that take place
during naphtha reforming is dehydrogenation of naphthenes to aromatics.
Naphtha is obtained in petroleum refineries as one of the intermediate products from the
distillation of crude oil. The generic name 'naphtha' describes a range of different refinery
intermediate products. In petroleum engineering, full range naphtha is defined as the
fraction of hydrocarbons in petroleum boiling between 30 °C and 200 °C. It consists of a
complex mixture of hydrocarbon molecules generally having between 5 and 12 carbon
atoms.
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1.2 Catalytic Dehydrogenation of Cyclohexane

The thermochemistry for the dehydrogenation of cycloalkanes is more favorable than that
for acyclic molecules; the free energy change becomes zero at 560 K, and the reaction
becomes detectable in the hydrogenation of aromatics above about 473 K. Lower
temperatures can therefore be used, and one advantage of this is that carbon deposition,
although not negligible, is less serious, so it is easier to work with pure metals, and the
use of bimetallic systems has been less common. A further reaction dimension is provided
by the fact that at these moderate temperatures the hydrogen atoms released from a
chemisorbed molecule of cyclohexene can add to another molecule, the net reaction
being

By far the largest amount of work in dehydrogenation of cyclohexane has been performed
with platinum and vanadium-based catalysts [1-3]. A reasonable activity series of pure
metals was summarized as Pt ~ Pd > Rh > Ir > Os > Re and precious metals > Ni ~ Ru >
Mo ~ Fe,Co > Ag > W, in which metals with irreducible oxides have been omitted [4].
Since pure metals, which are initially very active, are quickly deactivated by the
formation of strongly-held carbonaceous residues, much effort has been applied to
finding alloys or modified metals that will not suffer this drawback. Studies on
bi-metallic catalysts have been reported, such as Ni-Cu [5], Ni-Sn on silica [6-8], Ni-Cu
on alumina [9], Ni-Sb on alumina [9], Ni-Pb on alumina [9], Ni-alkali metals on zeolites
[10], Ru-Cu on silica [11], Os-Cu on silica [11], Pd-Sn on silica [8], Pt-Pb on alumina
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[12], Pt-Sn on alumina [12, 13], Pt-Cr on alumina [14], and Pt-Sn on niobia[13].
1.3 Oxidative Dehydrogenation of Cyclohexane

1.3.1 Advantages

In recent years, oxidative dehydrogenation (ODH) is considered as a promising
alternative to current industrial processes. Especially in the case of ethane and propane
considerable progress has been made [15]. The reaction scheme for ODH of cyclohexane
is:

The thermodynamics of dehydrogenation reactions can be enhanced by addition of
oxygen. Much lower reaction temperatures can also be attained. In the presence of
oxygen, hydrogen is converted to water and hydrocarbon fragments are recovered in the
form of carbon oxides [16]. However, the important reactions industrially are the
selective ones to cyclohexenes (a component in the making of Nylon-6) [17, 18].
Moreover, the addition of oxygen prevents catalyst deactivation, by suppressing
over-reduction

and

coke

formation.

Over-reduction

is

probable

in

the

hydrogenation/dehydrogenation process, resulting in deactivation of the reduced oxide
catalysts [19]. However, an oxidative atmosphere avoids the over-reduction, and leads to
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re-oxidation of the oxide surface [18, 20]. Careful control of the surface oxidation state
by addition of oxidizing agents can be useful in stabilizing the active catalytic site as well
as in preventing coke deposition [16]. Blocking of surface catalytic sites by chemisorbed
hydrocarbons or coke is generally reversible in oxygen as well [19].
In general, metals and oxides that catalyze cyclohexane dehydrogenation reactions may
also be used in dehydrogenation reactions, such as NiCo2, NiFe2, NiMo2, α-NiMoO4,
and metal phosphates [17, 21, 22]. Some of the mostly studied categories are discussed in
the following.
1.3.2 Vanadium-based Catalysts

Vanadium-based oxide catalysts are commonly used in the oxidative dehydrogenation of
cyclohexane [17, 18, 23].
Kung et al. first evaluated the cyclohexane dehydrogenation activity of Mg3(VO4)2 and
NdVO4 [18]. According to the authors, cyclohexane can be selectively dehydrogenated to
cyclohexene and benzene over orthovanadate catalysts. The relation between selectivities
and conversions suggested a sequential reaction mechanism, for both catalysts. NdVO4
showed higher selectivities for benzene and carbon oxides than Mg3(VO4)2. This was
attributed to the fact that NdVO4 was more difficult to be reduced, and if reduced, much
more rapidly re-oxidized than Mg3(VO4)2 [20].
Not only Mg3(VO4)2, but also the entire Mg-V-O system was discussed in greater detail
by Jin et al. [23]. They recognized Mg3(VO4)2 as the major active phase among three
Mg-V-O compounds with different Mg/V atomic ratios, because of its isolated active
4

sites, weakly basic surface and lower reducibility of the metal cations. Moreover, in a
further study of synergistic effect, the addition of MgO, with a content of less than 10
wt.%, led to a slightly higher selectivity to cyclohexene.
Vanadia supported by silica was evaluated with niobia on silica as a reference [17].
Benzene was the main product, even though a high oxygen partial pressure was used in
the feed gas; i.e. the catalyst was very selective. In a comparison with silica supported
niobia catalyst, vanadia-based catalyst was found to be more active.
1.3.3 Zeolites and Other Molecular Sieves

In a thorough study of kinetics and adsorption in the ODH of cyclohexane over Cu(II)-Y
molecular sieve catalyst, the authors attributed high benzene yield of Cu(II)-Y to its high
adsorption ability for oxygen [24]. It was suggested that adsorption of oxygen is rate
determining in the oxidative dehydrogenation for benzene formation, because the
adsorbed oxygen could then activate the adsorbed cyclohexane.
Zeolite Socony Mobil – 5 (ZSM-5), protonic and Co ion exchanged, was tested for
oxidative dehydrogenation of cyclohexane [17]. Protonic zeolite shows a low activity
with COx as main products, whereas the same zeolites exchanged with cobalt show a
much higher activity with benzene as main product. The comparison between the two
tests points out the role of Co as active site for cyclohexane dehydrogenation. However,
the role played by zeolites in the reaction was not discussed.
Another molecular sieve, Mobil Composition of Matter No. 41 (MCM-41), was
investigated by Lezanska et al [25]. The role of chromium ions on this support was
5

studied. The fact about the MCM-41 is that, although composed of amorphous silica
walls, it possesses long range ordered framework with uniform mesopores. Leaching
resulted in removal of all isolated CrIII species, suggesting that CrIII is attached to the
MCM-41 surface via silanol groups. The CrIII sites were concluded to be responsible for
cyclohexane ODH. However, the total activity was influenced by the presence of easily
reducible CrVI at the beginning of the reaction, which were reduced to clustered Cr2O3
species during the dehydrogenation tests. Incorporation of AlIII especially enhanced the
selectivity to benzene, as cyclohexene was preferentially cracked.
1.3.4 Novel Synthesized Catalysts

Novel synthesis approaches were also reported in the case of metal oxide ODH catalysts,
including atomic layer deposition (ALD) and metal oxide vapor deposition.
Feng et al. reported ALD synthesized vanadium oxide (VOx) catalysts as ODH catalysts
[26]. In that work, VOx was introduced via both incipient wetness impregnation and ALD,
with anodic aluminum oxide (AAO) as supports. The ALD VOx catalysts showed specific
activities that are between 2 and 7.5 times higher, compared to the catalyst samples
prepared by incipient wetness impregnation. According to the authors, the promoted
activities of ALD samples reflect better dispersion of catalytic species on the surface than
the incipient wetness impregnation catalyst.
Vajda et al. deposited under-coordinated Pt8-10 clusters in AAO membrane with ALD
coating of Al2O3, and achieved extraordinary catalytic activities toward the ODH of
propane [27]. The authors showed that the high activity is due to the under-coordination
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of the Pt in the Pt8-10 clusters, and that the clusters favor the scission of C-H bonds
relative to C-C or C=C bonds. Meanwhile, it was demonstrated that the support had little
effect on the enhancement of activity.
Furthermore, metal oxide vapor deposition (MOVD) was used to prepare a novel
molybdena catalyst [28]. In this research, both unsupported and γ-alumina supported
molybdena catalysts were synthesized via MOVD. Specific activity of the supported
molybdena catalyst greatly exceeds that of the unsupported molybdena catalyst. MOVD
prepared samples also generate considerably higher dehydrogenation rates than the
commercial sample of alumina supported molybdena. This improvement in activity was
attributed to the structure effect of the alumina support. It is widely recognized that the
terminal Mo=O bonds on the (010) surface catalyze oxidative dehydrogenation [29, 30].
Hence, it was suggested by the authors that a greater exposure of the (010) surface plane
of molybdena catalyst was obtained via vapor deposition, and the exposure became even
greater after dispersing the MOVD molybdena on the alumina support.
Pt film coated α -Al2O3 foam monolith was shown to achieve high cyclohexene
selectivity in ODH reaction [31]. Alumina with surface area less than 1 m2/g was coated
with a platinum film. The Pt film was designed to be 4-6 wt. %. The authors originally
aimed for partial oxidation reactions. However, they achieved dominant cyclohexene
production at high cyclohexane/O2 ratios, turning the reaction into an oxidative
dehydrogenation.
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1.3.5 Alkali Doping

Promising effects of alkali doping on the water-gas shift activity of Pt supported on inert
supports like silica were recently reported [32]. This property was also investigated in
cyclohexane oxidative dehydrogenation catalysts [33, 34]. A positive effect was found in
one case, whereas a negative effect in another one. Consequently, more systematic studies
are needed to evaluate the effect of alkali doping on oxidative dehydrogenation reactions.
Zhu et al. discovered that a new phase, formed by the addition of lithium ions into their
MnOx catalysts, performed better as a dehydrogenation catalyst [33]. They prepared
LiCl/MnOx/Portland

cement

(PC),

Li2SO4/MnOx/PC

and

CaCl2/MnOx/PC

by

impregnation of MnCO3/PC with LiCl, Li2SO4 or CaCl2 solutions. LiCl/MnOx/PC
catalyst exhibited the best catalytic performance. The authors attributed the result to the
formation of non-fully reduced oxygen species (O2-, O22-, O-). The addition of Li+ ions to
MnOx formed a new phase, LiMn2O4, which leads to oxygen vacancy formation in the
crystal lattice. Reduced oxygen species were formed on the surface when oxygen
vacancies were exposed to gaseous oxygen molecules in the reactant mixture. Such were
thought to be the main factor of influencing the alkene selectivity in ODH of ethane and
propane over Mn-based catalysts [35].
Nevertheless, Patcas et al. found that alkali metal doping was not beneficial [34]. They
researched the influence of alkali metal (Na, K, Cs) doping on the surface and catalytic
properties of γ-alumina supported nickel oxide in the selective ODH of cyclohexane,
and found no promoting effect of alkali doping on the catalyst activities. This was
probably because alkali species were doped into the alumina carrier prior to nickel
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impregnation, which leads to the formation of bulk alkali aluminate and thus a different
nickel-alumina interaction on the surface. In this case, both the activity and cyclohexene
selectivity were negatively affected by the alkali doping.
1.3.6 Surface Oxygen Species and Dehydrogenation Mechanism

It has been argued that, in ODH of cyclohexane, lattice oxygen in the surface catalytic
site is responsible for the dehydrogenation process, and that gas phase oxygen serves as a
reservoir of the oxidant that continuously replenishes lattice oxygen on the surface [26].
This is in agreement with the re-oxidation of catalysts by oxygen, mentioned earlier in
section 1.3.1. Jin et al. demonstrated that the V2O5 compound in Mg-V-O catalysts could
be considered as donor of mobile oxygen species[23]. The mobile oxygen species not
only modified the nonselective catalytic active sites but also reacted with the adsorbed
cyclohexane and/or cyclohexene directly in the Mg-V-O system. Similarly, as discussed
in section 1.3.4, in MoOx catalyst, Mo=O and Mo-O-Mo bonds were responsible for the
oxidative dehydrogenation [28].
The importance of surface electrophilic oxygen species to dehydrogenation reactions was
also discussed. It is generally accepted that nucleophilic oxygen species on the surface of
oxide catalysts promote partial oxidation reactions of paraffins, whereas electrophilic
oxygen adsorbed on the catalyst surface is responsible for the complete oxidation, i.e. the
formation of carbon oxides and water [36]. However, catalysts that are known for
generating electrophilic oxygen are necessary for the dissociation of strong C–H bonds in
hydrocarbons [34]. Mochida et al. proposed that molecular oxygen, closely associated
with cupric ions on the Cu(II)-Y molecular sieves, were an active species, according to
9

the reaction profile [24]. Regarding LiCl/MnOx/Portland Cement catalysts in oxidative
dehydrogenation, non-fully reduced oxygen species (O2–, O22–, O–) were the main factor
promoting the cyclohexene selectivity in oxidative dehydrogenation [33]. Another
example is the partially reduced oxygen on the surface of Cr-MCM-41 mesoporous
catalysts [25]. Cr3+ ions reduced oxygen molecules to O2δ– species, which was activated
for dehydrogenation.
1.4 Oxide Supported Gold Catalysts

1.4.1 Catalysis by Gold

Gold is a relatively new catalyst. However, it possesses some unique properties compared
to its neighbors in the periodic table [37]. Its uncommon properties include the absence of
a stable oxide, a small particle size, use of 'reactive' support, and a preparative method
that achieves the desired size of particle in intimate contact with the support.
By far, gold performs well when prepared as nm- and sub-nm scale species. In recent
years, gold supported on metal oxides has proved to be a very active and selective
catalyst in a number of reactions, such as the low-temperature CO oxidation [38], the
selective oxidation of hydrocarbons [39, 40], and in selective hydrogenation reactions
[41].
1.4.2 Gold in Dehydrogenation Reactions

The potential of nanoscale gold for ODH reactions has already been pointed out by Bond
in 1972 [42]. In ODH reactions, gold could avoid deep oxidation, such as cyclohexane to
10

carbon dioxide, because oxygen is only weakly adsorbed on gold. According to the author,
gold has the ability to abstract hydrogen atom from a hydrogen-containing organic
molecule, which explains why gold catalyzes ODH with weak adsorption of both
hydrogen and oxygen.
More recently, the Hutchings group from Cardiff University reported promising
performance of Au/TiO2 in cyclohexane dehydrogenation reaction, which exhibited
higher benzene selectivity than that of Pd/TiO2 [43]. Supported gold, palladium and
gold–palladium catalysts proved to be highly selective catalysts for the formation of
benzene from cyclohexane and cyclohexene. Unfortunately, the addition of gold to
palladium does not lead to enhancement in activity probably because palladium is able to
activate the reaction by itself due to the outstanding solubility of hydrogen in palladium.
Addition of Pd into gold however, whereby the Pd is in very small amounts may serve to
activate the highly selective gold catalyst; as was shown by Kyriakou et al. for selective
hydrogenation reactions on single atom alloys of Pd-Cu [44].
Regarding oxidative dehydrogenation of ethane, propane, 1-butene, ceria is a better
support for gold than other oxides, including iron oxide [45]. Xu et al. synthesized a
series

of

metal

oxide

supported

gold

catalysts

for

ethylbenzene

oxidative

dehydrogenation reactions. The oxide supports comprise CeO2, Fe2O3, α-Mn2O3, TiO2,
and Al2O3. Among the catalyst samples, Au/CeO2 demonstrated the highest ethylbenzene
conversion and styrene selectivity. Such catalytic performance of the Au/CeO2 catalysts
was attributed to an increase in the oxygen mobility and storage capacity of the parent
CeO2 material in close contact with Au nanoparticles (NPs). Meanwhile, Fe2O3 did not
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display any special improvement as support.
Lanthanum oxide was also used as a support for gold in the ODH of C2+ aliphatic alkanes.
Gold/lanthanum oxide showed high alkene selectivity, instead of further oxidation to
carbon oxides [46].
In another case of 1,4-butanediol and 1,5-pentanediol oxidative dehydrogenation, the
engineered Au/FeOx structure led to higher activity and selectivity than commercial γ
-Fe2O3 supported gold catalysts [47]. The differences between both Au/FeOx samples
involve gold particle size, electronic nature as well as metal-support interactions. Strong
gold-support interaction and negatively charged gold are formed on γ-Fe2O3 supported
gold catalysts, while positively charged gold exists on the α-Fe2O3 dominant oxides.
The dominant oxide support phase can be altered by varying the calcination temperature.
1.4.3 Influence of Metal-support Structures

Research reported to date has aimed at better understanding of the relationship between
the gold-metal oxide structures and their interactions. It is conceivable that the support
effect is indirect, serving primarily as a dispersant/stabilizer of the active state of gold
[48]. For the water-gas shift and methanol steam reforming reactions catalyzed by
atomically dispersed gold, it was found that CeO2 and ZnO were different only in the
number of gold active sites that each could stably present under similar conditions.
As mentioned above, Au/CeO2 exhibited high activity and selectivity in oxidative
dehydrogenation of ethylbenzene, owing to the high oxygen mobility and storage
capacity of the parent CeO2 material in contact with the Au NPs [45]. Moreover,
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Au/FeOx structure has been engineered in favor of better metal-support interactions [47].
In anaerobic dehydrogenation reactions, metallic NPs are believed to be the active
sites[10, 49], whereas metal cations are thought to play an important role regarding
oxidative dehydrogenations [17, 46]. Cationic gold on lanthanum oxide was believed to
account for activation of alkanes, as well as shortage of hydrocarbon combustion
sites[46]. Moreover, the addition of gold appears to stabilize the lanthanum oxide support,
improving the stability of the catalyst.
The crucial part played by gold cations in the WGS reaction over Au/Fe3O4(111) model
catalyst was demonstrated by Rim et al., with the help of scanning tunneling microscopy
(STM)/scanning tunneling spectroscopy (STS) [50]. First, I (V) curves taken via STS
measurements indicated that that large gold NPs (~8 nm) were neutrally charged, while
single gold adatoms strongly bonded to the oxygen sites of the Fe3O4(111) surface were
positively charged. Secondly, adsorption of CO molecules normal to the surface atop the
gold adatom sites was observed via STM, whereas CO adsorption on large Au NPs could
not be confirmed. Therefore, nonmetallic, positively charged Au species may play a key
role in reactions involving CO, such as CO oxidation and WGS reaction on Au/metal
oxide surfaces.
Similar phenomena of gold cations on Fe3O4(001) model catalyst were discovered by
Spiridis et al [51]. Strong electronic interaction between gold cluster and magnetite
support resulted in positive charge of the gold clusters at the cluster-support interface.
With increasing Au cluster sizes, the ratio of gold atoms to iron atoms reduced at the
cluster-support interface, leading to a decrease in the positive charge per single gold atom.
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Therefore, small gold clusters proved catalytically active. High stability gold adatoms on
Fe3O4 (001) surfaces were also observed in another STM study, by the Diebold group
[52].
1.4.4 Highly-dispersed Gold Clusters on Oxide Supports

Highly dispersed gold clusters, strongly interacting with the metal oxide support have
been a focus for WGS and CO-oxidation reactions in the Tufts Nano Catalysis and
Energy Laboratory (NanoCEL) [48, 53-56].
Fu et al. discovered that highly dispersed cationic gold on ceria was the active site for the
water-gas shift (WGS) reaction, through a comparison between parent and NaCN-leached
gold-based catalysts [53, 54]. All the gold species weakly bound on ceria, including all
the metallic Au NPs, were removed by leaching as-prepared samples with NaCN
solutions. The leached samples, containing only a small fraction of the original amount of
gold in the form of cations, displayed the same WGS activity as the high-content gold
ones without leaching. Therefore, metal NPs did not participate in the reaction.
Nonmetallic gold or platinum species strongly associated with surface cerium-oxygen
groups are responsible for the activity.
Similar phenomena were observed in the case of gold-iron oxide catalysts [55]. Gold
cations strongly bound on the support catalyzed the WGS reaction, while dispersed gold
NPs in reduced form provided the active sites for the CO oxidation reaction on iron oxide
support [55]. Gold species weakly bound to iron oxide can be removed by NaCN. After
pre-reduction of calcined leached catalyst samples, gold diffused out, and reduced gold
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species was formed on the surface. Pre-reduction promoted the CO oxidation activity, but
did not enhance the WGS activity. Consequently, gold cations catalyzed the WGS, while
a mix of gold states may be required to activate the dry CO oxidation.
In a recent publication, the interaction between gold and different crystal planes of oxides
was demonstrated. The ‘shape effect’ was attributed to different oxygen defects which are
crucial as gold binding sites [48]. Highly dispersed gold with strong Au-O-M bonds
forms only on CeO2{110}/{111}, ZnO{1000} and Fe3O4{111}, resulting in enhanced
WGS and methanol steam reforming (SRM) activities. This was attributed to an
increased concentration of oxygen defects on these surfaces and strong adsorption of gold
atoms, which imparts stabilization to the active species (Au–Ox).

The apparent

activation energies measured for WGS and SRM reactions were, similar on all shapes,
giving credence to a common active species involving only gold and associated oxygen
(and –OH) species. The shape effect for these reactions was thus found to be indirect.
In a revealing piece of work, heat-induced evolution of individual gold atoms on FeOx
surface was recorded, by aberration-corrected HAADF/STEM [56]. Up to 400 °C the
dispersed atomic gold was stable to redox treatments, whereas clusters were formed and
began to sinter to form NPs above 500°C. Moreover, gold species internal to the iron
oxide support were shown to diffuse to the surface at elevated temperatures, coalescing
into discrete nanocrystals. Even at 700 oC, however, most of the gold was still present as
small 2nm-size NPs, epitaxially held on the iron oxide surface, attesting to the strong
gold-iron oxide interaction.
This iron oxide and gold-iron oxide system was selected as the catalyst to study the ODH
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of cyclohexane in this thesis work.
1.5 Thesis Objectives

As was discussed in section 1.4.2, gold is promising as a catalyst in oxidative
dehydrogenation reactions [42, 43 45-47]. However, not much has been reported for the
gold activity and selectivity in the ODH of cyclohexane. Moreover, catalyst design
remains an important challenge, to further improve dehydrogenation activity and
selectivity.
Highly dispersed gold clusters were considered as the active sites for WGS and CO
oxidation reactions, both on oxide supports and as model catalysts [48, 50-55]. Their
performance in the cyclohexane dehydrogenation reaction is yet to be examined.
The gold-iron oxide structural interactions have been studied in dehydrogenation, WGS,
CO oxidation and the SRM reactions [45-48, 53-55]. In addition, advanced
characterization methods have been used [50, 51, 56]. It would be fundamentally
important to further explore this interaction in the ODH of cyclohexane.
Therefore, the following are the main objectives of this thesis work:
1) To evaluate iron oxide and gold-iron oxide catalysts in the ODH of cyclohexane and
compare them to the commercial, bulk Au-Fe2O3 catalyst available from the World Gold
Council (WGC).
2) To investigate different techniques of preparation of gold/iron oxide composites that
would lead to a more active and selective catalyst for the cyclohexane oxidative
16

dehydrogenation reaction.
3) To address the structural interaction between gold species and iron oxide supports, and
its influence on the cyclohexane dehydrogenation catalytic activities.
4) To find a new all-organic synthesis technique to fabricate gold/iron oxide
nano-composites with a gold content lower than 5%, based on previous literatures on
organic synthesis techniques of composites with much higher gold contents (typically
higher than 50%).
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CHAPTER 2

Thermodynamics of Dehydrogenation Reaction

2.1 Literature Review

Theoretical equilibrium conversion of the propane dehydrogenation was calculated, using
the HSC Chemistry software from Outokumpu Corporation [1] 1 . This equilibrium
conversion limits the yield to olefins in dehydrogenation reactions. However, with the
development of a hydrogen-permselective membrane reactor, the authors achieved a
conversion twice as high as equilibrium conversion, by selectively separating hydrogen
from the reaction mixture.
Neyestanaki et al. calculated the thermodynamic equilibrium for dehydrogenation and
epimerization of 1,2-dimethylcyclohexane (1,2-DMCH) [2]. Authors investigated
hydrogenation of ortho-xylene over Pd/alumina catalyst. The thermodynamically more
stable product was trans-1,2-DMCH, which was predicted by calculations using HSC.
Nevertheless, dehydrogenation and epimerisation of the products also took place at
considerable rates, although not favored thermodynamically.
The HSC Chemistry program was used to obtain theoretical equilibrium conversion for

1

HSC Chemistry was designed for various kinds of chemical reactions and equilibria calculations. Its database

consists of some 17000 species found in literature. A reference list of around 900 articles can be found in the help
document of the program.
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dehydrogenation of ethyl-benzene to styrene [3]. Carbon dioxide and steam were
compared as soft oxidants for the dehydrogenation. With the aid of the theoretical
conversions calculated, the authors concluded that carbon dioxide was a better oxidant,
because of a higher equilibrium conversion value.
The thermodynamic equilibrium of the dehydrogenation of isopentane was calculated
with the HSC Chemistry program instead of experimental tests [4]. The theoretical
method is a complement to the experimental measurement. Because coking of catalyst
became evident above temperatures of 500 °C, normal performance of the catalyst was
prevented.
Khader et al. divided the H2 reduction of Fe2O3 at 400 °C into three kinetic regions with
the passage of time: surface reaction, mixed region and diffusion-controlling region[5].
During the first 10 minutes of the reduction, region I, the process was controlled the
chemical reaction at the outer surface, characterized by an activation energy of 56.5
kJ/mol. Between the 10th and the 30th minutes, region II, the reaction started to penetrate
through the solid phase via diffusion of hydrogen. After 30 minutes, region III, the
process was controlled by diffusion of hydrogen through the solid phase. The reaction
rates in regions II and III were found to be in agreement with the predictions obtained
from solving Fick’s second law of diffusion.
Jozwiak et al. discovered that α-Fe2O3 went through different paths of reduction during
H2 temperature programmed reduction (H2-TPR)[6]. The authors investigated the
dynamic process of α-Fe2O3 reduction. Fe3O4 is the first product, followed by FeO and Fe
upon further reduction. Below 570 °C Fe3O4 is reduced to Fe, whereas above that
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temperature Fe3O4 is reduced to FeO and Fe successively. This is because below 570 °C
FeO disproportionation reaction, 4FeO = Fe3O4 + Fe is shifted toward products, whereas
above that temperature the reverse reaction Fe3O4 + Fe = 4 FeO dominates.
2.2 Thermodynamics of Cyclohexane Dehydrogenation

Figure 2.1 demonstrates the thermodynamic equilibrium attained for the dehydrogenation
reaction, both by the HSC program and via the NASA Chemical Equilibrium with
Applications (CEA) program. Benzene is the thermodynamically-stable product in both
calculations. The calculation agrees with similar calculations reported in literature [7].
It is shown in Figure 2.1 that benzene is thermodynamically favored in the non-oxidative
dehydrogenation. According to the calculations, the equilibrium conversion of
cyclohexane to cyclohexene requires higher temperature than that of benzene.
Therefore, thermodynamically speaking, benzene is the most favored product in the
dehydrogenation reaction.
On the other hand, this calculation is only a reference from the thermodynamic
perspective, because the kinetics of the dehydrogenation reaction can be altered by
different catalysts.
2.3 Thermodynamics of Cyclohexane Oxidative Dehydrogenation

The gas composition in oxidative dehydrogenation reaction is 0.4% cyclohexane / 4%
oxygen / balance helium. Thermodynamically calculated gas composition data are shown
in Fig. 2.2. First, CO2 and H2O are the most abundant species in the product gas mixture
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because of the high oxygen concentration in the inlet. The oxygen partial pressure in the
product gas mixture is still high, for the same reason. Secondly, the partial pressure of
hydrogen increases with temperature, suggesting that dehydrogenation is favored as the
temperature increases. Thirdly, the conversion of cyclohexane is 100% according to the
calculation. Lastly, the concentrations of cyclohexene and benzene are low, due to the high
oxygen concentration. Although the presence of H2 is shown in Fig. 2.2, it is clearly not
one of the major gas components after reaction because its concentration is orders of
magnitude lower than that of O2.
2.4 Stable Forms of Iron Oxides under Various Conditions

Because FeOx is subject to reducing and oxidizing atmospheres, its phase transformations
after calcinations and activity tests are to be addressed. Thermodynamic calculations are
performed with the help of HSC Chemistry® software from Outokumpu Research Oy. The
main purpose of this calculation is to estimate the equilibrium composition of the catalysts
under experimental conditions. Gold is not taken into consideration due to its small amount
and stable oxidation state.
The conditions are shown in Table 2.1, and results in Table 2.2. All activity coefficients are
assumed to be 1. Fe3O4 is set as the only starting oxide.
It should also be stressed that the following diagrams only represent thermodynamic
equilibria. Actual phase transformations of FeOx are limited by mass transfer in solid
solutions. Therefore, only the surface composition is predicted by thermodynamic
calculations.
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2.4.1 Iron Oxides in Calcination

A surface mixture of α-Fe2O3 and γ-Fe2O3 is expected after calcination of Fe3O4 in air.
Figure 2.3(a) displays the equilibrium compositions of iron oxide in the calcination process.
Being calcined in air, Fe3O4 completely transforms into Fe2O3, mostly α-Fe2O3 with no
more than 15% of γ-Fe2O3.
When calcined in inert gases, most of the Fe3O4 remains, while a small fraction undergoes
phase separation and transformation into α-Fe2O3 and FeO. As is shown in Figure 3.3(b),
10% of Fe3O4 goes through phase separation at around 310 °C. 5% α-Fe2O3 and 5% FeO
are the resultant crystal phases. This phase transformation is different from the usual
disproportionation of Fe3O4, in that the valence of iron does not change. Jozwiak et al. have
reported the disproportionation reaction of Fe3O4 when reducing it with H2 and CO,
forming FeO and Fe [6].
2.4.2 Iron Oxides in the Water Gas Shift Reactions

According to thermodynamic calculations shown in Fig. 2.4, 10% surface Fe3O4 will be
reduced to FeO by the WGS atmosphere, at around 310 °C. Therefore, at elevated
temperatures, the iron oxide support has a partially-reduced surface mixture of Fe3O4 and
FeO. In addition, the result also implies a partial oxidation to FeOOH at lower
temperatures. However, due to low kinetics under such low temperatures, it is unlikely to
take place, unless the catalyst sample is left in WGS atmosphere for a really long time.
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2.4.3 Iron Oxides in Dehydrogenation Reactions

The iron oxide mixture in non-oxidative cyclohexane dehydrogenation is composed of
Fe3O4 and FeO. It is shown in Figure 2.5(a) that the equilibrium concentration of Fe3O4
decreases as the temperature increases, from 90% at 170 °C to 60% at 380 °C. An opposite
trend is observed in the case of FeO, whose concentration increases as the temperature
increases.
The product of the reduction of Fe3O4 is probably Fe, since another possible product, FeO,
is not stable below 570 °C [6]. The kinetics of α-Fe2O3 reduction in H2 is studied with the
aid of H2-TPR [6]. H2-TPR profiles of α-Fe2O3 are presented in Figure 2.6. 50 mg of
α-Fe2O3was used. In the H2-TPR, Fe3O4 is the first product of reduction, and it is further
reduced mainly above 400 °C. Between 400 and 570 °C, only one peak is observed in the
H2-TPR curve, which represents Fe3O4→Fe, as is presented by curves 1 and 2. At
temperatures above 570 °C, that is curves 3 to 5, two separate peaks suggest a two-step
reduction: Fe3O4→FeO→Fe. The difference is because FeO is unstable below 570 °C,
which was confirmed by XRD [6]. The dynamic reduction of FeOx is further discussed in
section 2.4.4.
The diagram of Fe3O4 in oxidative dehydrogenation looks like its diagram in the
air-calcination, above 150 °C. It is observed in Fig. 2.5b that the surface of Fe3O4 is a
mixture of α-Fe2O3 and γ-Fe2O3. Because of the high oxygen concentration, Fe3O4
completely transforms into Fe2O3, mostly α-Fe2O3 with no more than 15% of γ-Fe2O3, just
like being calcined in air. Furthermore, a partial oxidation to FeOOH takes place at
temperatures below 150 °C. However, it is unlikely to take place due to slow kinetics, as is
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discussed in section 2.4.2.
2.4.4 Dynamic Reductions of Iron Oxides in H2-TPR Tests

It is interesting that the heating rate has such a big effect on the TPR profiles [6]. The
total amount reduced is so much lower at the low heating rates. This is because the
overall process appeared to be limited by a time/temperature–pressure dependent
diffusion process and strongly depends on heating rate [8]. In such conditions, the
reduction of Fe3O4 to Fe in 10% H2–90% Ar can be accomplished at 600–900 °C. In
order to accomplish this process in a low temperature range, up to about 450–480 °C, a
slow heating rate of 0.58 °C per min is required, whereas with a relatively fast heating
rate of 10.7 °C per min the complete reduction moves to much higher temperatures, up to
about 700–900 °C [8].
H2-TPR is a dynamic technique, probing the surface and sub-surface layers. Typically, it
does not allow for equilibrium phases to be manifested. At the completion of a TPR test,
the bulk of the oxide may remain unreduced or partly reduced; so this is not an
equilibrium method.
Only the surface iron oxide is likely to be reduced by H2. Because the H2 concentration in
our dehydrogenation experiments is much lower than those in the literature, the
diffusion-controlled reduction inside iron oxide particles is unlikely to take place [5].
2.5 Conclusions

This chapter has considered thermodynamic equilibria governing the cyclohexane
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dehydrogenation reaction and the phase transformation of the iron oxides used as
catalysts for this reaction. Thermodynamically speaking, benzene is the most favored
product in cyclohexane dehydrogenation reaction. CO2 is the most abundant gas product
in the product of oxidative dehydrogenation of cyclohexane, because of the high oxygen
concentration in the inlet.
FeOx is likely to go through phase transformations in reducing and oxidizing atmospheres.
A surface mixture of α-Fe2O3 and γ-Fe2O3 is expected after calcination of Fe3O4 in air.
When calcined in inert gases, most of the Fe3O4 remains unchanged. In WGS reactions,
surface Fe3O4 can be reduced to FeO by the reducing atmosphere above 300 °C. In
non-oxidative cyclohexane dehydrogenation surface Fe3O4 is likely reduced to FeO,
while in oxidative cyclohexane dehydrogenation a small amount of α-Fe2O3 exists after
reaction.
In dynamic reductions of iron oxides, such as H2-TPRs, only the surface iron oxide is
likely to be reduced. Nevertheless, deeper layers of iron oxides are reduced when the
heating rates are higher, due to a time/temperature–pressure dependent diffusion process.
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Table 2. 1. Conditions of catalytic tests.
Reactions

Conditions

Calcination
CO Chemisorption
H2-TPR
WGS
Cyclohexane
Dehydrogenation

Air (21% O2) or N2
10%CO-balance Ar
10%H2-balance Ar
2%CO-10%H2O-balance He
0.4%C6H12-balance He or
0.32%C6H12-4%O2-balance He

Table 2. 2. Equilibrium compositions starting from Fe3O4.

Experiment

Equilibrium composition of FeOx starting from Fe3O4

Calcination in air
Calcination in pure N2 or
He
CO Chemisorption
H2-TPR
WGS
Cyclohexane
Dehydrogenation
Oxidative Cyclohexane
Dehydrogenation

Mostly Fe2O3 (Fig. 3a)
Mostly Fe3O4 (Fig. 3b)
Mostly Fe3O4, but drastically changed upon trace of CO2
Partially reduced to Fe and FeO
Overall mostly Fe3O4 (Fig. 4)
Readily reduced above 100 oC (Fig. 5a) under
0.4%C6H12-balance He
Mostly α-Fe2O3 (Fig. 5b) under
0.32%C6H12-4%O2-balance He

30

Figure 2. 1. Thermodynamic equilibrium conversion for different dehydrogenation
reactions, using programs HSC (top) and CEA (bottom). Condition P = 1 bar, H2 /
saturated hydrocarbon ratio = 0.
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Figure 2. 2. Thermodynamic equilibrium conversion of the ODH reaction of cyclohexane.
Condition P = 1 bar, reactant gas composition = 0.4% cyclohexane / 4% oxygen / balance
helium (calculations based on the software HSC Chemistry from Outokumpu Research
Oy).
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(a)

(b)

Figure 2. 3. Equilibrium composition of Fe3O4 in (a) calcination in air, (b) calcination in
pure He or N2.
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Figure 2. 4. Equilibrium composition of Fe3O4 in the WGS reaction. Condition P = 1 bar,
reactant gas composition = 2% CO / 10% H2O / balance helium.

34

(a)

(b)

Figure 2. 5. Equilibrium composition of Fe3O4 in (a) cyclohexane dehydrogenation and (b)
oxidative cyclohexane dehydrogenation reactions. Condition P = 1 bar, reactant gas
composition = 0.32% C6H12 / 4% O2 / balance helium.
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Figure 2. 6. H2-TPR profiles for α-Fe2O3 at different heating rates; curves: (1) 0.58; (2)
1.07; (3) 2.57; (4) 5.52; (5) 10.7 °C/min [6].
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CHAPTER 3

Gold-Iron Oxide: Preparation Methods and Activity for the Oxidative
Dehydrogenation of Cyclohexane

3.1 Introduction

In this chapter, iron oxide and low-content gold-loaded iron oxide prepared as nanoscale
single crystals is examined for its activity in the oxidative dehydrogenation (ODH) of
cyclohexane. This material is a good catalyst for the water-gas shift reaction, but it was not
known whether it would be a good ODH catalyst at the onset of this thesis. It has been
reported by the Flytzani-Stephanopoulos group that atomically dispersed Au on oxides,
such as FeOx, may be similarly stabilized and show comparable activity for the WGS
reaction as the Au–CeO2 system [1, 2]. Rim et al. have shown that Au adatoms
preferentially adsorb on the uncoordinated oxygen sites of the Fe-terminated Fe3O4 (111)
surface and are positively charged [3]. Atomically dispersed gold with strong Au-O-M
bonds forms on CeO2{110}/{111}, ZnO{1000} and Fe3O4{111} surfaces [4], thus
resulting in enhanced water-gas shift and methanol steam reforming activities. However,
no such effort has been made with regard to the cyclohexane dehydrogenation reaction. In
fact, the question may be asked whether a powerful oxidation catalyst, such as the above,
may be active for the ODH reaction to products other than CO2 and H2O; e.g. reaction 3.1
vs. 3.2:
C6H12 + O2 Æ C6H6 + H2O

(3.1)
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C6H6 + O2 Æ CO2 + H2O

(3.2)

Au/Pd bimetallic structures have been reported by the Hutchings group as selective
catalysts for the ODH of cyclohexene to benzene; and they are interesting for the partial
dehydrogenation of cyclohexane to cyclohexene, a key precursor to Nylon 6 [5, 6]. How
this activity derives, especially whether atomic gold in palladium comprises the active site,
is not known. Here, using iron oxide, a low-cost oxide known to bind gold atoms even
under reducing conditions in a realistic fuel gas stream [1-4], is considered as a potential
selective ODH catalyst for the formation of cyclohexenes and benzene rather than the
complete oxidation products, even when an excess of oxygen is used.
In this chapter, we aim to identify structural effects of gold-iron oxide catalysts on their
activity and selectivity for the ODH of cyclohexane. Single crystalline iron oxide supports
with cubic and octahedral shapes, bound by {100} and {111} surfaces were prepared, and
gold was added in a second step. The shape-controlled catalysts were compared to a
commercial, bulk Au-Fe2O3 catalyst from the World Gold Council (WGC).
3.2 Experimental

3.2.1 Catalyst Preparation

3.2.1.1 Preparation of Iron Oleate

Fe3O4 nanoshapes were synthesized by surfactant-assisted thermal decomposition of iron
oleate following previously reported procedures [4, 7-9]. An iron oleate complex is
prepared by reacting iron chloride and sodium oleate. In a typical synthesis 10.5 g of iron
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chloride (FeCl3•6H2O, 39 mmol) and 36.6 g of sodium oleate (TCI, > 97%, 117 mmol) are
dissolved in a mixture solvent composed of 78 ml ethanol, 58.5 ml distilled water and
136.5 ml hexane. The resulting solution is heated to 70 °C and kept at that temperature
during 4 hours while vigorously stirring. When the reaction is completed, the upper organic
layer containing the iron oleate complex is separated from the lower aqueous phase and
then washed three times with 30 ml of distilled water in a separatory funnel. After
introduction of water, the separatory funnel is vigorously shaken during 3 minutes and then
left 10 minutes until the 2 phases are completely separated again. After washing, hexane is
evaporated off using a rotary evaporation system, resulting in an iron oleate complex in the
form of a waxy solid. To prevent evacuation of hexane in the vacuum line, the flask
receiving the hexane needs to be cooled with an ice bath and to be immediately emptied
when the evaporation is complete. Finally the waxy solid is dried for 1 h in the rotary
evaporator and then overnight at 80°C in a vacuum oven. The final weight of the iron
oleate complex should be close to 35 g. An iron oleate stock solution was prepared by
mixing the obtained complex in 135 mL of a 9:1 mixture of 1-octadecene and
diphenylether. The mass of the final stock solution was determined (~122-144 g). 2/9 of the
total mass of the final stock solution (~27-32 g) are used for one iron oxide synthesis.
3.2.1.2 Preparation of Shape-Controlled Fe3O4 Single Crystals

Spherical, cubic or octahedral-shaped iron oxide nanoparticles are prepared by thermal
decomposition of the iron (III) oleate complex in the presence of a surfactant. Iron oleate
stock solution, surfactants and solvent are loaded in a 50 mL three-neck round bottom flask
equipped with a reflux column. The corresponding masses and notes are listed in Tab. 3.1.
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The mixture is purged by a stream of nitrogen at 175 °C for 1 hour. The flow rate of
nitrogen is controlled using a water beaker (~1 bubble/sec.). It is important to set a
moderate nitrogen flow rate. If the latter is too high, solvent will evaporate already below
200°C and the final boiling point will be higher. Thereafter, the mixture is heated to 300°C
at a heating rate of approximately 3°C·min-1. Here, the temperature on the regulator is
increased 10° every 2 minutes. After reaching temperatures higher than 200 °C, the
nitrogen stream is turned off. The temperature is increased steadily until the temperature on
the thermometer reaches 290 °C. Then the regulator is turned to the maximum (400 °C).
After 10-15 minutes the final temperature should be around 296-298 °C. The whole
heating procedure lasts approximately 50 minutes. Then the mixture is kept for 1 h at this
temperature. Finally the temperature regulator is turned off and the insulation is removed.
After 15 minutes the magnetic stir can be stopped and water and nitrogen supplies are
turned off. After reaching RT, the mixture containing the iron oxide nanocubes is solid,
while the ones containing octahedral and spherical NPs are still liquid. The color of the
mixtures has turned from red-brown to deep black. After being cooled to room temperature,
the samples are washed 4-5 times by sequential precipitation/filtering using a 1:1
hexane-ethanol mixture.
3.2.1.3 Phase Transfer Procedure

To obtain a stable suspension of the iron oxide nanoparticles in water, a phase transfer
method was applied to remove the organic surfactant from the iron oxide surface [10]. In
this work, the iron oxide nanoparticles were redispersed in a 10 wt% aqueous solution of
tetramethylammonium hydroxide (TMAOH). Sequential precipitation by addition of
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sodium hydroxide and redispersion in water ensured the complete removal of the organic
surfactants. The hydrophobic iron oxide precipitated out of hexane is redispersed in an
aqueous solution of tetramethylammonium hydroxide (TMAOH). Here, ~ 180 mL of an
aqueous solution of TMAOH are prepared (18 mL 25% TMAOH diluted with H2O).
Approximately 30 mL/centrifugation tubes are used. The samples are sonicated for at least
1 h until everything is suspended. Then 1 mL NaOH 1M is added per tube to precipitate the
iron oxide during centrifugation. If the liquid is still brown after 30 min. of centrifugation,
more NaOH is added. More NaOH is needed for the cubes than for the octathedra. After
centrifugation the samples are re-suspended in distilled water. A total of 4 washing steps
are carried out. The final iron oxide suspensions in water had a pH of 9–10. After drying,
the final amount of iron oxide is around 400-600 mg.
3.2.1.4 Gold Deposition

Two atomic percent of gold was introduced by deposition–precipitation. An aqueous
suspension of 65 mg HAuCl4·3H2O in 5 mL of H2O was added drop-wise to the iron oxide
suspensions in water (4 mg·mL-1). The pH of the suspensions was adjusted to 8–9 by
adding sodium hydroxide (NaOH). The final suspensions were sonicated at room
temperature for 1 h. The catalysts were recovered by magnetic precipitation, washed with
hot water (60-70 °C) and dried at 80 °C under vacuum. The final catalysts were calcined at
200 °C or 400 °C for 4 h in air.
3.2.2 Catalyst Characterization and Activity Tests

Transmission electron microscopy (TEM) was performed on a JEOL 200cx at 200 kV. For
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high resolution imaging, a JEOL 2010 was used. Powder samples were suspended in
ethanol via sonication and a single drop of the suspension was applied to a carbon
film-coated copper grid. The average nanoparticle size was estimated from ca. 100
nanoparticles in the images. X-ray diffraction (XRD) analysis was performed on a Rigaku
300 instrument with a rotating anode generator and a monochromatic detector. Cu Kα1
radiation was used with a power setting of 50 kV and 250 mA. Typically, a scan rate of
2°·min-1 with a 0.02° step size was used. Bulk elemental analysis of the samples was
conducted by inductively coupled plasma optical emission spectrometry (ICP-OES,
Leeman Labs Inc.). The BET surface area of the samples was determined by single-point
N2 adsorption/desorption cycles in a Micromeritics AutoChem 2920. The samples were
pretreated in helium at 200 °C for 30 min.
Temperature-programmed reduction with hydrogen (H2-TPR) was conducted in the
Micromeritics AutoChem 2920. Samples were pretreated in 20% O2/He at 50 mL·min-1 to
200 °C–250 °C. Pre-oxidized samples were exposed to 20% H2/Ar at 50 mL·min-1 while
the temperature was ramped linearly at 10 °C min-1 and monitored by TCD.
Steady-state oxidative cyclohexane dehydrogenation experiments were performed in a
fixed-bed quartz microreactor at atmospheric pressure. A gas composition of 0.4%
cyclohexane : 4% oxygen gas mixture in helium was used. Typically 0.05 g of catalyst was
mixed with 0.2 g of quartz sand to make the bed. The catalyst was pretreated during 1 h at
200 ºC in air. A total flow rate of 70 mL·min-1 was used in all catalyst tests. The
temperature was increased from room temperature up to 400 ºC with a heating rate of
5 °C·min-1. The temperature was held for 1.5 h to reach steady-state conditions. The gas
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composition at the reactor outlet was analyzed by mass spectrometry combined with a
NDIR CO/CO2 gas analyzer.
3.3 Results and Discussion

3.3.1 Characterization of iron oxide and gold-iron oxide nanocomposites

Single crystal metal oxide nanoparticles with controlled shapes are obtained by thermal
decomposition, offering a powerful way to investigate the relationship between catalyst
structure and activity at atmospheric pressure. Shape-controlled and monodispersed iron
oxide nanoparticles with sizes smaller than 50 nm are currently best synthesized by thermal
decomposition of metal-organic precursors [9]. Thermolysis of iron oleate in the presence
of tetraoctylammonium bromide is known to stimulate the preferential growth of
nanooctahedra, while sodium oleate mediates the crystallization of nanocubes [11]. In
order to use the iron oxide shapes as catalyst support, we applied a treatment in aqueous
tetramethylammonium hydroxide to remove the organic surfactant from the nanoparticle
surface [10]. Final iron oxide samples are shown in Fig. 3.1 and their physico-chemical
properties are summarized in Table 3.2. The samples have a specific surface area of 70-100
m2·g-1. Both cubic and octahedral nanoparticles are monodisperse with average particle
sizes of 12 (cubes) and 27 nm (octahedral) (Table 3.2). For nanooctahedra, the average
particle size may vary from batch to batch between 20 and 40 nm. In contrast to nanocubes,
the size-control of nanooctahedra was found to be sensitive to small variations in the
experimental conditions, typically between 10 and 20 nm. While nanooctahedra samples
are highly crystalline, an amorphous phase is present in the nanocube sample. TEM images
collected before and after surfactant removal reveal an increase of amorphous material on
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the surface, and hence point to a partial dissolution of the nanocubes during treatment in
aqueous TMAOH.
XRD patterns reveal that both iron oxide cubes and octahedra are formed of a cubic inverse
spinel phase (Fig. 3.2). In general, octahedra are obtained as Fe3O4 while cubes are a
mixture of Fe3O4 and γ-Fe2O3. Variations in diffraction intensities are primarily related to
the amount of samples used for analysis. As can be seen in the high resolution images in
Fig. 3.1, nanooctahedra are bound by {111} surface planes and nanocubes are bound by
{100} surface planes. The resolution of these conventional characterization techniques
makes it difficult to discriminate between the Fe3O4 and γ-Fe2O3 phases which have very
similar atomic plane spacings. Generally a mixture of both phases is observed. Combining
X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism
spectroscopy (XMCD), Park et al. estimated a composition in the form of
(γ-Fe2O3)1x(Fe3O4)x, where x decreases with the nanoparticle size [9]. Here, the black color
and the magnetic properties of the octahedra samples is in agreement with the Fe3O4
(magnetite) phase. A slight shift of the diffraction peaks towards lower 2θ values and a
brownish hue of the cubic sample indicate the presence of a trace amount of γ-Fe2O3. After
calcination in air at 200ºC, both iron oxide nanooctahedra and nanocubes have a red-brown
color and the position of XRD peaks is in agreement with the presence of γ-Fe2O3.
2 at% of gold was deposited by DP-NaOH on both the iron oxide nanocubes and
nanooctahedra, probably in the form of sub-nanometer clusters, atoms and occasional very
large gold nanoparticles, picked up only by XRD. After gold deposition, the specific
surface area remains unchanged (Table 3.2). No gold nanoparticles were detected on the
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iron oxide nanooctahedra or nanocube surfaces by TEM (Fig. 3.1). But the presence of
small sub-nanometer clusters and atoms cannot be excluded considering the low TEM
resolution. XRD analyses reveal the presence of some 10 nm large gold particles in both
samples (Fig. 3.2). Semi-quantitative estimations, based on reference intensity ratios (RIR),
suggest the presence of 1 wt% metallic gold nanoparticles. Having the same dimension as
the iron oxide support itself, these large nanoparticles are unlikely to interact strongly with
the iron oxide surface. Before and after calcination in air at 200 ºC, the phase of the iron
oxide support seems to be rich in γ-Fe2O3.
After calcination at 400 °C in air, Au-FeOx octahedra are less sintered than Au-FeOx cubes,
which maintain the stabilization of surface Au (Fig. 3.3). For the iron oxide nanocubes,
however, severe sintering of the support was observed with the formation of large iron
oxide nanoparticles with an average size of 30 nm and a complete loss of the cubic shape.
Gold nanoparticles with an average size of 10 nm are observed. In contrast to the
nanocubes, iron oxide nanooctahedra show a much better stability. The shape and size of
the iron oxide nanooctahedra was mostly preserved. Despite the strong oxidizing
conditions during calcination in air, the Fe3O4 cubic spinel phase was still present. An
atomic plane spacing of 0.48 nm measured on the HRTEM picture (inset in Fig. 3.3) is in
accordance with a Fe3O4 {111} surface [8]. The Fe3O4 {111} surface is well known for its
high stability at high temperatures and in redox conditions, whereas the polar {100} is
prone to reconstruction [12, 13]. Except for some occasional 4–5 nm gold particles, no
gold could be evidenced by TEM. Gold is most probably present as a highly dispersed
phase on the {111} surfaces of the nanooctahedra. In recent work by Rim et al., positively
charged gold adatoms were found to bind strongly on top of uncapped oxygen sites on an
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iron terminated Fe3O4(111) surface [3]. Atomically dispersed gold was also evidenced by
aberration-corrected HAADF/STEM on the iron oxide surface of a commercial 2 at. %
Au–Fe2O3 (WGC) sample after calcination in air at 400 °C [2]. Atomically dispersed gold
is stable on the iron oxide surfaces up to 500 °C [2].
The different reducibility of these samples by H2-TPR also provides evidence that gold
interacts stronger with the {111} surfaces of iron oxide octahedra than with the {100}
surfaces of the iron oxide cubes [4]. H2-TPR experiments were carried out to characterize
the reducibility of the Au–FeOx nanoshapes, comparing them to the Au–Fe2O3 (2 at. % Au,
prepared by coprecipitation, 400 °C air-calcined) reference catalyst from the World Gold
Council (WGC) (Fig. 3.4). For all three catalysts, a two-step reduction is observed; the
high temperature reduction (>250 °C) is attributed to bulk reduction of the iron oxide
support, while the low-temperature region (<250 °C) is due to surface reduction of
Au–O–Fe species. The onset of the bulk iron oxide support reduction of the nanoshapes
begins at a significantly lower temperature (~250 °C) compared to the onset of reduction of
bulk magnetite reported by Jozwiak et al. (~400 °C) [14]. The enhanced reducibility of the
iron oxide nanocubes and nanooctahedra compared to that of bulk Fe2O3/Fe3O4/FeO may
of course be related to the instability observed upon heating the particles to 400 °C in air.
Shape-controlled and bulk Au–FeOx catalysts display a significant difference in the
reduction of Au–O species. For Au–FeOx nanocubes, a sharp reduction peak for Au–O
species is observed at 115 °C. For both Au–FeOx nanooctahedra and the WGC Au–Fe2O3
sample, the reduction takes place at significantly higher temperatures. A sharp hydrogen
evolution peak around 210 °C is observed for the WGC Au–Fe2O3 catalyst, while there is a
broad feature ranging from 75 °C to 210 °C with a maximum at 190 °C in the case of
46

Au–FeOx nanooctahedra. The higher reduction temperatures can be explained by a
stabilization of gold species by strong Au–O–Fe interactions [15, 16]. A better stabilization
of gold on the octahedral shapes compared to the "cubic" sample is in accordance with the
TEM analyses discussed above.
3.3.2 Oxidative Dehydrogenation Activity

The catalytic activity for the oxidative cyclohexane dehydrogenation reaction was tested in
a gas mixture of 4% O2 and 0.4% cyclohexane in helium. The addition of gold to iron oxide
does not lead to significantly higher conversion (Fig. 3.5). Fig. 3.6 shows the product
formation as a function of temperature and time. Cyclohexane is converted over iron oxide
and gold-iron oxide nanoshapes into benzene, cyclohexene, carbon dioxide and water. For
all samples studied, the dehydrogenation products benzene and cyclohexene start to appear
above 200 °C. This temperature is typical for activation in oxidative conditions [17, 18],
but low compared to conventional anaerobic processes. Both cyclohexene and benzene are
formed over bare iron oxide, while benzene is the only dehydrogenation product in the
presence of gold. In the generally accepted hypothesis of a sequential reaction pathway,
benzene is formed when the abstraction of additional hydrogen atoms from the olefinic
intermediate is favored over the desorption of cyclohexene [19, 20]. The addition of gold
thus provides the necessary energy to further activate the C-H bonds.
From the steady state reaction rates shown in Fig. 3.7 in Arrhenius-type plots, it can be seen
that the overall reaction rates per gram of catalyst are comparable for all samples studied. A
slightly higher rate is observed for the cubic Au-FeOx sample, probably due to its higher
surface area (Table 3.2). The activity of cubic Au-FeOx is also very close to that of a
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reference 5 wt% Au-Fe2O3 catalyst from the World Gold Council. FeOx and Au-FeOx
samples in this work show a higher activity than the NiFe2O4 catalysts reported by Turek et
al. [18], but are less active than the Au, Pd-TiO2 catalyst studied by the Hutchings group
[17]. The apparent activation energies for the cyclohexane conversion over iron oxide and
gold iron oxide samples are in the range of 60-80 kJ·mol-1 (Tab. 3.3).
While the overall activity of FeOx and Au-FeOx samples is not significantly different, the
catalyst structure has a strong impact on the benzene and carbon dioxide selectivities (Fig.
3.8). As expected from thermal activation, the carbon dioxide selectivity increases and
benzene selectivity decreases with increasing temperature. The highest benzene yield is
observed on the Au-FeOx nanooctahedra. On Au-FeOx nanocubes, the benzene selectivity
is initially high, but decreases dramatically with increasing temperature. The carbon
dioxide formation is lower on octahedra than on cubes irrespective of the presence of gold.
The ability of an oxide to work as a total oxidation catalyst is known to be related to the
mobility of its lattice oxygen and thus to the reducibility of the metal oxide. Highly
reducible Mn2O3, for instance, converts cyclohexane mainly into carbon oxides [5]. Jin et
al. also observed a similar relationship between the reducibility of mixed Mg-O-V catalysts
and their selectivities for cyclohexane dehydrogenation and total oxidation [21]. The lower
reducibility of the Au-FeOx nanooctahedra, and thus the presence of strongly bound
Au-O-Fe species, seems to favor benzene over CO2 formation.
3.3.3 In-situ XANES Characterizations of Gold Oxidation States

To determine the oxidation state of the gold phase responsible for the enhanced benzene
production, we have investigated the commercial Au-Fe2O3 catalysts from the World
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Gold Council (WGC). According to previous reports, NaCN-leaching of the latter allows
to prepare catalysts containing exclusively strongly-bound, cationic gold [1, 2].
NaCN-leaching of our nanoshapes does not leave any measurable gold on either the
octahedra or the cubes, making them unsuitable for the following study. The Au-Fe2O3
catalyst however is prepared by coprecipitation and even though leaching removes most
of the gold from the surface, a detectable amount of gold is still present in the core (Table
3.2). By thermal treatment, the gold atoms in the core can be mobilized and brought to
the iron oxide surface.
Leaching and reducing of the Au-Fe2O3 catalyst leads to an increase of the activation
energy of the cyclohexane reaction. Catalytic activity and selectivity of parent and
leached Au-Fe2O3 catalysts are shown in Table 3.3 and Fig. 3.7. The cyclohexane
conversion of parent and leached catalysts is comparable to the Au-FeOx nanocubes (Fig.
3.7). The parent catalyst however works as total oxidation catalyst with the formation of
primarily carbon dioxide (Fig. 3.8). After leaching to remove loosely-bound nanoparticles
from the iron oxide surface, an enhanced benzene yield is observed. Mild reduction at
200 °C in 5% hydrogen leaves activity and selectivity unchanged.
It is concluded that that cationic gold is responsible for the enhanced benzene formation,
while metallic gold nanoparticles on iron oxide catalyze the combustion reaction. The
evolution of the oxidation state of gold in reaction conditions has been monitored by
in-situ XANES experiments conducted by other members of our group at Argonne
National Lab [23]. From the white-line intensity of the XANES spectra in Fig. 3.9 it can
be seen that the parent catalyst contains mostly metallic gold, while leached catalysts
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before and after reduction contain primarily cationic gold. The insets in Fig. 3.9 show that
the oxidation state of the catalysts does not change significantly during the oxidative
dehydrogenation reaction. For all three samples a small decrease of the intensity at the
Au-L3 absorption edge, due to a partial reduction of the cationic gold species can be
noticed. From these results we can thus conclude that cationic gold is responsible for the
enhanced benzene formation, while metallic gold nanoparticles on iron oxide catalyze the
combustion reaction [23].
3.3.4 Catalyst Stability Tests with In-situ SAXS Characterizations

The stability in size and shape of the iron oxide and gold-iron oxide nanoshapes in
reaction conditions has been probed by in-situ SAXS characterizations by work
performed at Argonne National Lab by Simone Goergen and other members of our group.
Analysis of the SAXS data was performed with the help of Dr. Sungsik Lee at Argonne
[23]. Fig. 3.10 shows the I(q) curves derived from scattering images collected at various
temperatures. I is the scattering intensity and q is the magnitude of the scattering vector.
The X-ray scattering intensity originates primarily from the iron oxide support. Average
particle sizes derived from the fitting of experimental I(q) curves are summarized in
Table 3. They are in good agreement with sizes obtained from TEM images (Table 3.2).
The iron oxide and gold-iron oxide nanooctahedra are stable in reaction conditions up to
400 ºC. No significant change in the position and slope of the oscillations in the
scattering curves has been observed (Fig. 3.10 a,b). The stability in shape and size is also
confirmed by TEM (Fig. 3.11 a,b).
A simple cubic model accounts for the experimental data of both iron oxide and gold-iron
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oxide cubes [23]. The surface roughness of the gold-containing sample is comparable to
the bare support and the presence of small gold clusters is unlikely. These results are in
accordance with a lower Au-O-Fe interaction observed by hydrogen TPR [4]. For both
cubic samples the iron oxide support starts to change above 250 ºC. The particle size of
iron oxide nanocubes is stable up to 400 °C, but the I(q) curves undergo a subtle change
in the slope in the Porod region, probably related to a change in surface area (Fig. 3.10 c).
The surface areas, calculated according to SAXS results, are summarized in Table 3.4.
They are close to those measured by nitrogen physisorption (Table 3.2). Calculations
show that the surface area of the iron oxide cubes is slightly decreasing with increasing
reaction temperature [23]. The subtle change can probably be attributed to a transition
from the cubic to a more stable, spherical shape. The surface area of the bare iron oxide
cube decreased to 88% of the original value with a minor size change. The nanoparticles
displayed in Fig. 3.11 c have indeed a more rounded morphology. In contrast to the bare
iron oxide support, the gold-iron oxide cubes start to sinter at 400 ºC (Fig. 3.10 d). The
particle distribution became poly-dispersed, as indicated by strongly damped oscillations
[23]. As a result, the particle size and surface area per particle increase as shown in Table
3.4, indicating not only shape change but also volume increase via sintering. The TEM
image in Fig. 3.11 d shows that the cubic gold-iron oxide sample has started to sinter with
the formation of larger, randomly shaped particles. The sintering of gold-iron oxide is
accompanied by a sharp drop in benzene selectivity (Fig. 3.8).
3.4 Conclusions

Shape-controlled iron oxide and gold-iron oxide catalysts with a cubic inverse spinel
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structure have been studied for the oxidative dehydrogenation of cyclohexane. The
structure of iron oxide and gold-iron oxide catalysts has no major impact on their oxidative
dehydrogenation activity. However, the product selectivity is affected. Both cyclohexene
and benzene are formed on bare iron oxide nanoshapes, while benzene is the only
dehydrogenation product in the presence of gold. The selectivity of benzene over CO2
depends strongly on the stability of the iron oxide support and the gold-support interaction.
The highest benzene yield has been observed on gold-iron oxide octahedra. {111}-bound
nanooctahedra are highly stable in reaction conditions at 300 °C, while {100}-bound
nanocubes start to sinter above 250 °C. The highest benzene yield has been observed on
gold-iron oxide nanooctahedra, which are likely to have gold atoms, and few-atom gold
clusters strongly-bound on their surface. Cationic gold appears to be the active site for
benzene formation.
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Table 3. 1. Shape-specific FeOx preparation procedures

Iron oleate stock
solution
Surfactants

Solvent
Order
Comments

Octahedra
Cubes
Spheres
27-32 g (= 2/9 of the total mass of the stock solution)
Stock solution is weighed using a small beaker. The beaker is
finally rinsed with the solvent to make sure that everything is
transferred to the three-neck flask.
0.98 g TOAB
2.7 g sodium oleate
2.7 g oleic acid
(98%)
(>97%)
(90%)
1.55 g oleic acid
(90%)
20 mL 9:1 octadecene-diphenylether (2 solvents to be mixed in
graduate cylinder, 1st dipenylether and then adding octadecene)
1. stock solution
1. sodium oleate
1. stock solution
with surfactants
2. stock solution
with surfactants
2. solvent
3. solvent
2. solvent
Surfactants are
Make sure that
Surfactants are
weighed using the
remaining powder
weighed using the
small beaker
and stock solution
small beaker
already containing
on the wall of the
already containing
the stock solution
three-neck flask is
the stock solution
(be careful to get
washed down with
(be careful to get
accurate masses!)
the solvent.
accurate masses!)

Table 3. 2. Physicochemical properties of FeOx and Au-FeOx samples
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Table 3. 3. Activity of metal oxide catalysts for the oxidative dehydrogenation of
cyclohexane

Sample

Activation
Energy
(kJ.mol-1)

O2/C6H12
Molar Ratio

Reference

66±3
73±7
64±4
61±3
60±6
67±3

10
10
10
10
10
10

[23]
[23]
[23]
[23]
[23]
[23]

80±3

10

[23]

54
59
84
98
77
90-136

10
2
2
2.5
0.6
0.5-1

[22]
[18]
[18]
[17]
[5]
[5]

FeOx octahedra
Au-FeOx octahedra
FeOx cubes
Au-FeOx cubes
Au-Fe2O3 (WGC, parent)
Au-Fe2O3(WGC, NaCN-leached )
Au-Fe2O3 (WGC, NaCN-leached,
reduced in 5%H2 at 200°C )
Co3O4, 12-nm nanocubes
NiCo2O4
NiFe2O4
2.5%Au,2.5%Pd-TiO2
Fe-phosphate
Co-ZSM-5
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Table 3. 4. Properties of FeOx and Au-FeOx nanoparticles obtained from SAXS analyses
[23]
Sample
FeOx
octahedra
Au-FeOx
octahedra
FeOx
cubes
Au-FeOx
cubes
a

Temp.
(°C)

SAXS fitting parameters a

Surface area
(Å2 per particle) b

(m2·g-1) c

6

1.0·105

147

57
60

7
7

8.8·104

114

64

8

1.2·105

107

Model

r1 (Å)

Δ1 (Å)

r2 (Å)

Δ2 (Å)

25

Octahedron

143

15

300

Octahedron

142

14

25

Core-shell

111

11

5.0

0.2

300
300

Core-shell
Octahedron

113
113

9
9

5.0

0.2

25

Cube

55

300
400

Cube
Cube

25

Cube

300
Cube
62
8
1.1·105
110
400
Sphere
67
31
r = half edge length in the case of cubes and octahedra and the radius in the case of

spheres, Δ = width of the size distribution, r1, Δ1: iron oxide, r2, Δ2: gold
b

Calculated from the Porod law, see ref [23]

c

Calculated assuming a particle density of 5·10-24 Å3·g-1
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Figure 3. 1. TEM images of as-synthesized catalysts: a,c) FeOx nanooctahedra, b,d) FeOx
nanocubes, e) Au-FeOx nanooctahedra, f) Au-FeOx nanocubes. For other properties, see
Table 3.1-3.2.
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Figure 3. 2. XRD pattern of as-synthesized and calcined catalysts: a,b) FeOx nanooctahedra,
c,d) Au-FeOx nanooctahedra, e,f) FeOx nanocubes, g,h) Au-γ-FeOx nanocubes; a,c,e,g:
as-synthesized, b,d,f,h: calcined at 200°C, ─ ─ ─ Fe3O4 (PDF#01-077-1545),
───γ-Fe2O3 (PDF#01-089-5894), * Au (PDF#04-004-5106).
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Figure 3. 3. TEM images of 3 atom% Au–FeOx samples after calcination in air at 400 °C
[4].

60

Figure 3. 4. H2-TPR of Au–FeOx catalysts: (a) 3 atom% Au–FeOx nanocubes, uncalcined,
(b) 3 atom% Au–FeOx nanooctahedra, uncalcined, (c) 2.2 atom% Au/α-Fe2O3 (WGC;
prepared by CP; calcined at 400 °C); conditions: 20% H2/Ar, flow rate: 50 mL min-1,
heating rate: 10 °C min-1, pretreatment in 20% O2/He at 200 °C.
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Figure 3. 5. Activities of (Au)-FeOx nanoshapes for the oxidative cyclohexane
dehydrogenation, shown as conversion of cyclohexane at 300 oC. Reaction conditions:
catalyst: 10 mg, steady state at 300°C total flow rate: 20 mL/min., gas composition: 4%
O2/3200 ppm cyclohexane/He, pretreatment: 1h at 200°C in H2.
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Figure 3. 6. Temperature-programmed oxidative cyclohexane dehydrogenation (0.4%
cyclohexane : 4% O2 in helium): a) FeOx octahedra, b) Au-FeOx octahedra, c) FeOx cubes,
d) Au-FeOx cubes. Steady-state data were collected at each 20-min hold at each
temperature studied in ascending and descending temperature mode. Experiments
conducted by Simone Goergen at Argonne National Lab [23].
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Figure 3. 7. Steady-state reaction rates of cyclohexane dehydrogenation in the presence of
oxygen [23]:

FeOx octahedra,

Au-FeOx cubes,

FeOx cubes,

Au-Fe2O3 WGC (parent),

Au-Fe2O3 WGC (leached, reduced),

Au-FeOx octahedra,
Au-Fe2O3 WGC (leached),

2.5%Au, 2.5%Pd-TiO2 (ref. [17]),

NiFe2O4 (ref. [18]).
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Figure 3. 8. Product selectivity for oxidative dehydrogenation of cyclohexane (0.4%
cyclohexane : 4% O2 in helium, steady-state data collected in a fixed-bed quartz
microreactor): a) FeOx octahedra, b) FeOx cubes, c) Au-FeOx octahedra, d) Au-FeOx cubes,
e) Au-Fe2O3 WGC (parent), f) Au-Fe2O3 WGC (leached), g) Au-Fe2O3 WGC (leached,
reduced) [23].

65

Figure 3. 9. Au L3 fluorescence XANES spectra collected during oxidative
dehydrogenation of cyclohexane with 0.08% cyclohexane : 0.8% O2 in helium: a)
reference samples, b) parent Au-Fe2O3 (WGC), c) Au-Fe2O3 (WGC) after NaCN-leaching,
d) Au-Fe2O3 (WGC) after NaCN leaching and reduction in 5% H2 at 200 ºC for 1h [23].
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Figure 3. 10. In-situ SAXS characterization performed during oxidative cyclohexane
dehydrogenation with 0.4% cyclohexane : 4% O2 in helium [23]: a) FeOx octahedra, b)
Au-FeOx octahedra, c) FeOx cubes, d) Au-FeOx cubes. Fitting parameters are summarized
in Table 3.4 [23]. The catalytic test at 400 °C has been conducted ex-situ over 90 min
[23].
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Figure 3. 11. TEM images collected after oxidative dehydrogenation of cyclohexane at
400 °C for 90 minutes: a) FeOx octahedra, b) Au-FeOx octahedra, c) FeOx cubes, d)
Au-FeOx cubes.
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CHAPTER 4

Organic-phase Preparation of Gold-iron Oxide Composites

4.1 Introduction

The preparation of Au/FeOx nanocomposites in an organic phase has several advantages.
First, the hydrophobic Au/FeOx product can be easily dispersed in organic fuels, fulfilling
the purpose of using such materials as additives for the more efficient dehydrogenation and
burning of jet fuels as detailed in Chapter 1. Second, this approach is simpler, avoiding the
two-step method whereby first the iron oxide nanocrystals are made, followed by addition
of gold in a second step. The interaction of the two phases is not as effective as in a
single-step process.
Synthesis procedures of Au/FeOx nanocomposites are reviewed below. Different
nanoparticle (NP) shapes can be achieved, including dumbbell-like, double-dumbbell,
flower-like, Au@FeOx core/shell, and FeOx@Au core/shell NPs.
In the case of Au@FeOx nanocomposites, morphologies depend mainly on the type of
solvent used during gold deposition, when the capping agents and crystallinity of Au are
largely unchanged. Solvents with no electron-donating abilities lead to single nucleation of
FeOx on Au seeds, and thus result in dumbbell-like and double-dumbbell NPs. On the other
hand, solvents that can donate electrons (possessing aromatic rings or π-bonds), enable
multiple nucleations on Au seeds. Hence, flower-like structures are obtained, and
Au@FeOx core/shell NPs are achieved upon further growth.
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For the reverse structures, i.e. FeOx@Au core/shell NPs, FeOx NPs are synthesized first,
followed by Au deposition from Au precursors or pre-made Au NPs. In this category, the
Au:Fe molar ratio is commonly more than 1 from the references.
4.2 Review of Preparation Methods and Selection for this Work

4.2.1 Au@FeOx Nanocomposites

A generalized reaction scheme of the Au@FeOx synthesis is shown in Fig. 4.1.
Furthermore, a summary of the major synthesis parameters is given in Table 4.1.
As is described in Fig. 4.1, pre-made Au seeds or HAuCl4 precursor are mixed with the Fe
precursor. After necessary pretreatments in order to nucleate Au seeds or to remove traces
of water, Au seeds and Fe precursor are heated to the boiling temperature of the solvent,
260 °C for phenyl ether and 310 °C for octadecene, for the thermolysis step. Since iron
pentacarbonyl (Fe(CO)5) gives Fe after thermolysis, the reaction mixture may need another
air-oxidation to convert Fe into FeOx. Nanostructures obtained from this reaction route
include dumbbell-like, flower-like and Au@FeOx core/shell NPs.
The Sun group at Brown University has developed the dumbbell structure of Au/Fe3O4
nanocrystals with one-to-one binding [1-5]. The synthesis procedures of dumbbell NPs
have two possible pathways, with pre-made Au seeds and in situ Au reduction. For a
typical process including making Au seeds first, tetralin is used as solvent for HAuCl4
reduction. Trioctylphosphine as capping agent and lithium triethylborohydride (LiEt3BH)
as reducing agent give 2-nm Au NPs after 1 hr. at 20 °C [1]. On the other hand, oleylamine
as both capping agent and reducing agent gives 8-nm Au seeds after heating at 60 °C for 5
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hr. Pre-made Au NPs with Fe(CO)5 in 1-octadecene in the presence of oleic acid and
oleylamine, are heated in the reflux (ca. 300 °C) to get Fe on the surface of Au NPs,
followed by room-temperature oxidation under air to convert Fe into Fe3O4.
For the process with in situ Au reduction [1], a mixture of oleic acid, oleylamine,
1-octadecene and 1,2-hexadecanediol is heated first. Fe(CO)5 is injected at 120 °C. Then,
HAuCl4 solution in 1-octadecene with oleylamine is also added to the reaction mixture.
The size of the Au particles was tuned by controlling the temperature at which the HAuCl4
was injected, or by controlling the HAuCl4/oleylamine ratio. For example, injecting
HAuCl4 solution into the reaction mixture containing Fe(CO)5 at 120 °C leads to ~2 nm Au
particles, while injection at 160 °C or 180 °C gives 4 or 6 nm Au particles. The size of the
Fe3O4 particles is controlled by adjusting the ratio between Fe(CO)5 and Au. More
Fe(CO)5 leads to larger Fe3O4 nanoparticles. After going through refluxing at 310 °C,
Au/Fe NPs are obtained. At last, after oxidation in air, Au-Fe3O4 NPs are obtained. This
method to obtain Au NPs in-situ has also been applied elsewhere to synthesize Ag@Au
core/shell NPs [6].
Improvements have been made to achieve flower-like Au/Fe3O4 NPs, because the
dumbbell structure, appealing as it is, is somewhat confined by its one-to-one binding. The
Sun group have found that, when changing the solvent from non-polar 1-octadecene to
slightly-polarized diphenyl ether, flower-like Au/Fe3O4 NPs can be achieved [1].
The Grzybowski group at Northwestern University has also achieved Au@FeOx
flower-like NPs [7]. They synthesize 10-nm Au seeds by a high-temperature (185 °C)
reduction of HAuCl4 in phenyl ether, with the presence of oleylamine and
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1,2-tetradecanediol. By varying the Fe(CO)5 to Au molar ratio from 1 to 10, 2 to 6 Fe3O4
particles around the Au core are achieved. Different solvents including 1-octadecene,
hexadecane and diphenyl ether are used, resulting only in flower-like NPs.
Alivisatos and coworkers from Lawrence Berkeley Lab have developed Au/FeOx
core/hollow shell NPs, with FeOx being Fe3O4 or γ-Fe2O3 [8]. First, dodecanethiol-capped
Au NPs, between 4-5 nm, are synthesized from reduction by NaBH4, with the assistance of
dodecyldimethylammonium bromide (DDAB)[9, 10]. Second, thermolysis of Fe(CO)5 at
180 °C, followed by exposing to air at 100 °C, gives Au@γ-Fe2O3 core/hollow shell
nanostructure. Oleylamine or oleylamine–oleic acid mixture is used as capping agent in the
thermolysis, while 1-octadecene, benzyl ether and phenyl ether are used as solvent.
The essential part of the formation of core/hollow shell structure is the Kirkendall effect.
Passing the oxygen through the reaction mixture converts the iron shell into iron oxide via
the Kirkendall effect [11]. The outer shell of iron gets oxidized first. Because iron diffuses
faster than oxygen in the outer oxide layer, inner iron layer is depleted as the oxidation
progress goes on. Complete oxidation of iron leads to the formation of the void between the
gold core and iron oxide as a result of the different diffusion rates of oxygen and iron
through the outer shell, aka, the core/hollow shell structure.
A systematic description of Au@FeOx syntheses is given by Shi et al. [12]. The authors
have presented a general strategy for engineering binary and ternary hybrid NPs including
the growth of FeOx on Au seeds. It is based on spontaneous epitaxial nucleation and growth
of a second and third component onto seed NPs in high-temperature organic solutions.
Various morphologies of Fe3O4 grown on Au seeds are obtained, including dumbbell,
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double-dumbbell, spherical shell and cubic shell [12]. Au NPs are synthesized using the
Brust 2-phase reduction method [13]. Precursors are iron acetylacetonate (Fe(acac)3) and
Fe(CO)5, and solvents are octadecene, octyl ether, benzyl ether and phenyl ether. Oleic acid
and oleylamine are used as capping agents.
In the nucleation step, if only 1 Fe3O4 nucleates on each Au NP, dumbbell structure is
obtained. Double-dumbbell structure can be further prepared by heating dumbbell NPs in
the presence of sulfur. Sulfur binds 2 Au particles, and makes them sinter, thus 2 dumbbell
NPs fuse into 1. If more than 1 Fe3O4 nucleates on 1 Au NP, flower-like NPs are achieved.
Further growth of flower-like NPs leads to the Au@Fe3O4 core/shell structure.
The major factors influencing single or multiple nucleations are formation of Au seeds and
solvents. Poly-crystalline Au seeds, for instance, icosahedral and decahedral
multiple-twinned Au NPs, lead to multiple nucleations regardless of the solvent used [7].
On the other hand, single-crystal Au seeds lead to various products depending on the
solvents.
Regarding relations between solvents and product shapes in the nucleation step, Shi et al.
state that, the solvent’s ability of donating free electrons determines the shape of the
product [12]. Because nucleations on Au seeds require compensating of electron density,
however, Au seeds only possess few free electrons. For instance, benzyl ether and phenyl
ether contain aromatic rings, which are good electron donors. They enable the Au seeds to
have multiple nucleation sites. Octyl ether and octadecene are not effective electron donors,
and thus they mostly have 1 nucleation on each Au seed. However, octadecene has one
π-bond, resulting in its electron donating ability between that of octyl ether and
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benzyl/phenyl ether. Therefore it has a mixture of dumbbell and core/shell NPs.
This same principle is achieved using Fe(CO)5 as iron source by other groups [1-5, 8, 14].
The Sun group has prepared flower-like structures using phenyl ether as a solvent [1-5].
Alivisatos’ group use benzyl ether and phenyl ether as solvents to synthesize Au@FeOx
core/hollow shell NPs [8]. Dai’s group has reproduced the Alivisatos group’s work [15].
In the growth step, iron precursors and solvents also play a role. Fe(CO)5 has the highest
speed of growth compared to Fe(acac)3 and iron oleate (Fe(OL)3) [12], which is the result
of a low nucleation barrier [8].
Furthermore, the influence of solvents to the preferential direction of epitaxial growth has
been discussed for FeOx formation from Fe(acac)3 in the presence of oleylamine, oleic acid
and 1,2-hexadecanediol [12]. When growth rates along all the crystal axes are roughly
equal, quasi-spherical NPs (typically truncated octahedral or cuboctahedra) will form, as
observed in the case of benzyl ether. However, phenyl ether promotes <111> growth rather
than the <100> directions, yielding cubic FeOx shells with exposed {100} faces.
Capping agents, either stabilizing agents or surfactants, also play a crucial role in the shape
determination of iron oxides. In FeOx obtained from the thermal decomposition of Fe(OL)3,
capping agents are shown to be the shape determining factor [16, 17].
The catalytic activities of Au@FeOx core/hollow shell structures for CO oxidations have
recently been reported by Dai’s group at the Oak Ridge National Laboratory [15]. This is a
further development of Alivisatos’ work [8]. The core/hollow shell structures are deposited
on other supports including SiO2, TiO2, Carbon and α-Fe2O3.
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Products are heat-treated at 300 °C and tested for CO oxidation activities. Au@Fe2O3/TiO2,
Au@Fe2O3/C, and Au@Fe2O3/Fe2O3 catalysts are generally more active than
colloidal-deposition-derived Au/TiO2, Au/C, Au/Fe2O3, respectively. Dai’s group and
other researchers have also suggested that air calcination leads to cracking of the FeOx
shell, and further to increasing of the porosity of this core/shell structure for catalytic
purposes [15, 18].
4.2.2 FeOx@Au Nanocomposites

A list of the synthesis parameters is shown in Table 4.2. FeOx NPs are synthesized first, and
then a Au shell is formed on the FeOx surface. Iron oxide core/Au shell NPs are commonly
for biomedical applications [19-27].
A generalized reaction scheme of FeOx@Au core/shell structures is shown in Fig. 4.2.
FeOx NPs are synthesized first by thermal decomposition of different Fe precursors. Fe
precursors are heated to the boiling temperature of the solvent in the presence of capping
agents. FeOx NPs are mixed with Au precursors or pre-made Au NPs to achieve FeOx@Au
NPs.
The Sun group has reported the synthesis of spherical Fe3O4@Au core/shell NPs [19]. At
room temperature (20 °C), HAuCl4·3H2O and oleylamine are dissolved in chloroform, and
another chloroform solution containing Fe3O4 NPs and oleylamine is prepared. Oleylamine
was used as a mild reducing agent as well as a surfactant. After 20h stirring, Fe3O4 core/Au
shell NPs are obtained. Nanoparticles in the TEM images are quasi-spheres because
oleylamine does not favor growth in any crystal direction.
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Zhong’s group at the State University of New York at Binghamton published papers about
FeOx@Au core/shell nanocomposites with tunable particle sizes from 5-100 nm, in which
FeOx can be Fe3O4 or γ-Fe2O3 [20-22]. Thermolyses of FeOx in these publications follow a
route developed by Sun and co-workers [23]. Fe(acac)3, phenyl ether, oleic acid,
oleylamine and 1,2-hexadecanediol are heated to 210-270 °C and refluxed under Ar. They
have listed two possible routes. In the first route, the product solution after thermolysis of
FeOx can be directly used for Au deposition [20, 21]. For Au reduction and deposition,
Au(III) acetate (Au(OOCCH3)3), goes through a thermal decomposition at 180-190 °C, in
the presence of other reactants from Fe(acac)3 thermolysis. Their synthesis procedures
have been also adopted by other researchers [24-27].
In the second route, FeOx NPs and Au seeds are separately made and later assembled by
heat-treatment [22]. The γ-Fe2O3 NPs are obtained from thermolysis of Fe(CO)5 in phenyl
ether at 253 °C, with the presence of oleic acid and oleylamine. The Brust two-phase
method has been used to synthesize 2-nm Au seeds encapsulated with decanethiol (DT)
monolayer shells [13]. At last, Au seeds and FeOx NPs, toluene, and TOAB are heated at
149 °C to prepare FeOx@Au core/shell NPs via a thermally activated process. The
advantage of this method is that the shapes and amounts of the two components are both
controllable via separate synthesis steps.
4.3 Gold-iron Oxide Nanocomposites

4.3.1 Experimental

In this thesis work, Fe3O4 spherical nanoparticles (NPs) were synthesized by thermal
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decomposition of iron oleate (Fe(OL)3) at 300 °C, in the presence of oleic acid. This
procedure was described previously in section 3.2.1.
Au deposition on FeOx followed the reaction route described in Fig. 4.3(a). Au precursor,
HAuCl4·3H2O, was reduced by tert-butylamine borane (TBAB) in the presence of
oleylamine as a capping agent. The mixture of Au and FeOx colloids was subsequently
subjected to a heat treatment, in order to thermally activate the binding of the two species.
The Au content was designed to be 2 at. % in the Au-FeOx nanocomposite.
Au colloids was prepared via TBAB reduction of HAuCl4·3H2O, following the procedure
in Fig. 4.3(b). There was no subsequent heat-treatment. A physical mixture of Au and FeOx
colloids was also used as reference.
UV-Vis spectra were measured to obtain electronic structure information of Au and FeOx
NPs. Hexane was used as the sampling solvent. UV-Vis sample concentrations were
maintained at 1/40 mg/mL. The baseline of hexane was subtracted after each measurement.
Oxidative dehydrogenation tests were performed in the gas mixture of cyclohexane,
oxygen and helium. A gas cylinder of 4000 ppm cyclohexane in helium was used, while
pure oxygen was introduced, taking up 4 % of the total gas flow. 50 mg of Au-FeOx sample
was mixed with 800 mg of quartz sand, to form a catalyst layer in the fixed bed reactor. The
gas flow rate used was 70 mL/min. The reactor was heated up to 300 °C during the
dehydrogenation test.
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4.3.2 Results and Discussion

Characteristic peaks of Au colloids are identified by comparing the UV-Vis spectra of
gold-iron oxide catalyst from World Gold Council (WGC) and that of the gold colloid. As
shown in Fig. 4.4(a), Au-Fe2O3 from WGC possesses peaks for Auδ+ at 385 nm and Au0 at
500-570 nm, which were previously identified by Deng in her dissertation [28]. On the
other hand, the Au colloid does not show any peak for Auδ+ at 385 nm. Au colloid proves to
be solely Au0 confirmed by the plasmon resonance peak between 500 and 570 nm.
Therefore, the reduction of HAuCl4·3H2O is complete according to the characterization of
Au colloids obtained from the control experiment.
Gold-iron oxide mixtures were obtained by mixing Au and FeOx colloids following the
same ratio in the synthesis of Au-FeOx catalyst. UV-Vis spectra are shown in Fig. 4.5 and
Table 4.3. Au colloid shows the Au0 peak between 500 and 570 nm. However, after the
mixing, the Au0 peak is absent in UV-Vis, same as the spectrum of FeOx colloid. Hence,
incomplete or very limited mixing of the two colloids took place. This is probably due to
the low concentration of the Au colloid in the liquid mixture. The reason for low
concentration of Au colloid could be either the dilution by FeOx colloid or the larger size
of Au NPs.
Differences between Au particles in Au-FeOx samples are addressed using UV-Vis spectra.
Au-FeOx nano-composites synthesized by changing several preparation parameters were
characterized, as shown in Fig. 4.6. The parameters are listed in Table 4.4. A mild Au0 peak
between 500 and 570 nm is observed on the spectrum of Au-FeOx-4, while none is found
on Au-FeOx-1 and Au-FeOx-7. Because the Au0 peak disappears after the Au colloid is
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mixed with the FeOx colloid, the UV-Vis spectra imply that Au-FeOx-1 and Au-FeOx-7 are
a physical mixture of Au and FeOx colloids, as described in the last paragraph.
On the other hand, a relationship between Au and FeOx, other than physical mixture,
probably exists in Au-FeOx-4, since a Auδ+ peak is observed. This Auδ+ form may be
cationic Au nano clusters interacting with FeOx. The difference is probably caused by the
solvent or a higher heat-treatment temperature, according to Tab. 4.4. When there is
interaction, the gold colloid shows a Auδ+ peak in UV-Vis, as well as a small Au0 peak.
When there is no interaction (physical mixture), it does not possess the Auδ+ peak.
Therefore, possibly both metallic gold and cationic gold are present on the surface of
Au-FeOx-4. It is shown in Figure 4.6 that the Auδ+ absorption peak can only be found in
the spectrum of Au-FeOx-4 [28]. It has been demonstrated in Chapter 3 that cationic gold
is responsible for catalyzing the dehydrogenation reaction. That explains the
dehydrogenation activity of sample Au-FeOx-4.
Sample Au-FeOx-4 is tested in the ODH of cyclohexane. A certain amount of benzene (m/e
= 78) is present in the reactor after the temperature is raised to 300 °C, as well as a small
amount of cyclohexene (m/e = 82). This finding implies that sample Au-FeOx-4 is a
selective catalyst for the ODH of cyclohexane. A TEM image of sample Au-FeOx-4 is
shown in Figure 4.7(b). The structure of iron oxide supports is not destroyed after the
addition of gold. However, severe agglomeration is observed, probably because of the
residual organic solvents from the syntheses. These solvents can be burnt by calcination.

79

4.4 Thermal Treatments

4.4.1 Literature Review

Since complete reduction of HAuCl4·3H2O is confirmed by UV-Vis spectra of the Au
colloid, the following step, heat treatment, should be optimized to obtain good binding
between Au and FeOx.
Park et al. have developed a thermally-activated assembly process of Au and γ-Fe2O3 [22].
Au colloid, Fe2O3 colloid with toluene as the solvent, and tetraoctylammonium bromide
(TOABr) as the phase-transfer agent are heated at 149 °C to construct FeOx@Au core/shell
NPs.
The heat-treatment procedure was optimized based on the studies of the Zhong group at
SUNY Binghamton [22, 29-31]. The scheme is shown in figure 4.8. After reduction of Au,
the mixture of Au and FeOx colloid is obtained (Stage A). At stage B, heat-induced
desorption of capping agents happens, resulting in the bonding of uncapped particles of Au
and FeOx. At stage C, bound Au-FeOx nano-composites are recapped by capping agents,
forming the product colloid.
However, Zhong’s group have only considered FeOx@Au core/shell NP syntheses at high
Au contents (over 70%). This procedure needs to be repeated at a lower Au content (2-5
atom. %).
4.4.2 Experimental Aspects

According to previous studies, several conditions are important in this thermally activated
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binding process. First, temperature should reach 149 °C. Because the boiling point of
toluene, the solvent, is 110 °C, lower than the heat-treatment temperature, toluene is
actually fully evaporated during the heat-treatment process [30]. This evaporation is
conducted in an open tube inside the oven [30]. After toluene is evaporated, colloidal
solute, mostly solid, is collected to get products. Second, tetraoctylammonium bromide
(TOABr) should be present. TOABr is first used in the Brust 2-phase synthesis, to transfer
HAuCl4•3H2O from aqueous phase into toluene phase [13]. Later, TOABr is found to
positively influence the coalescence of Au NPs [29]. The ratio of TOABr to Au is 9:40 in
the original Brust 2-phase method [13]. The same ratio is used in the coalescence of Au and
FeOx NPs, because the Brust 2-phase method is used in the synthesis of Au NPs in this
coalescence method [22, 29-32].
Fe3O4 spherical nanoparticles (NPs) were synthesized here by thermal decomposition of
iron oleate (Fe(OL)3) at 300 °C, in the presence of oleic acid. This procedure has been
described previously in section 3.2.1 of this thesis. Au deposition on FeOx followed the
reaction route described in Fig. 4.3(a). Au precursor, HAuCl4•3H2O, was reduced by
tert-butylamine borane (TBAB) in the presence of oleylamine as a capping agent. Au
loading was designed to be 2 at. % in the Au-FeOx nanocomposite. The mixture of Au and
FeOx colloids were subsequently subjected to a heat treatment at the temperature of
120-150 °C for 0.5 or 1 hour, in order to thermally activate bonding of the two species.
After cooling down, hexane/ethanol combination was used to wash off the excess
surfactants.
As-synthesized Au-FeOx nano-composite can be transferred to aqueous phase. The sample
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was thoroughly dispersed and precipitated in 10 wt.% tetramethylammonium hydroxide
(TMAOH) solution for 3-4 times. After phase-transfer, sample can be dried overnight in
vacuum. Dried powder is ready for activity tests.
UV-Vis spectra were measured to obtain electronic structure information of Au and FeOx
NPs. n-hexane was used as the sampling solvent for organic suspensions and ethanol was
used for aqueous suspensions. UV-Vis sample concentrations were maintained at 1/40
mg/mL. Baseline of hexane/ethanol was subtracted after each measurement.
Steady-state WGS reaction light-off tests were conducted at atmospheric pressure with the
catalyst in powder form. A quartz tube (O.D. =1 cm) with a porous quartz frit supporting
the catalyst particles was used as a packed-bed flow reactor. Water was injected into the
flowing gas stream by a calibrated syringe pump and vaporized in the heated gas feed line
before entering the reactor in WGS reaction tests. A condenser filled with ice was installed
at the reactor exit to collect water. The feed and product gas streams were analyzed by a
NDIR analyzer for CO2 content. The gas composition was 2%CO-10%H2O-balance He
and the total flow rate was 30 mL/min for light off tests with 100 mg catalyst in each test.
The catalyst was mixed with twice the weight amount of quartz sand when loaded into the
reactor. Heating rate was 10 °C/min. The carbon balance was checked in each test and was
found to be 2.6% on the basis of the sum of CO and CO2.
Different sets of parameters were tried for the heat-treatment. They are listed in Table 4.5.
From Fig. 4.9, Au0 peaks are seen among samples Au-FeOx-3, Au-FeOx-8 and Au-FeOx-9.
These are discussed below.
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4.4.3 Thermal Treatment without TOABr

As is shown in Fig. 4.9, sample Au-FeOx-3 possesses Au0 peak in the UV-Vis spectra.
WGS conversion of this sample is shown in Fig. 4.10. The carbon balance was checked in
each test and was found to be 2.6% on the basis of the sum of CO and CO2. Au-FeOx-3 has
WGS activity close to that of bare FeOx samples. Judging by the activity data, Au NPs are
not interacting with FeOx NPs, or Au NPs are large particles on the FeOx surface.
Sample Au-FeOx-9 was designed to study the feasibility of directly heating Au and FeOx
octahedra NPs, which proves ineffective. The final product divides into the upper purple
liquid and the lower black precipitate. After confirming with a magnet, the lower black
precipitate proves to be Fe3O4. Because the purple liquid is not drawn to the magnet, Au
and Fe3O4 do not bond in this case. Moreover, this sample is characterized by UV-Vis
spectra, as is shown in Fig. 4.11. “Au-9-1” shows the upper purple liquid in the final
product is Au (peak between 500 and 570 nm). Since “Au-FeOx-9-2” indicates that liquid
disposed during washing still contains Au, it is clear that Au is not bonded to Fe3O4 (A
magnet was used in the washing step, to retain magnetic solids).
4.4.4 Thermal Treatment with TOABr

TOABr is not only used as a phase-transfer catalyst in the synthesis of Au NPs between
aqueous and organic phases [13], but also as an agent to connect Au and FeOx NPs [22,
29-31]. However, with the addition of TOABr, problems arise, such as phase-transfer with
tetramethylammonium hydroxide (TMAOH), and separation of TOABr.
The weight of the “Au-FeOx-8” sample powder is designed to be around 200 mg, by
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adjusting weights of HAuCl4•3H2O precursor and Fe3O4. However, after synthesis,
phase-transfer and drying, about 460 mg of powder is obtained. Thus, some of the
chemicals are not washed off, including possibly oleylamine, oleic acid, TOABr, TMAOH.
TEM images of sample Au-FeOx-8 before and after calcination are shown in Figure 4.14.
A layer of organic chemicals can be seen on the surface before calcination. After
calcination, the organic layer is gone. However, structural destruction from octahedra to
spheres of the FeOx support is observed.
In order to physically characterize the remaining chemicals, UV-Vis spectra are obtained
(Fig. 4.12). “Au-FeOx-8-1” is the as-synthezied product (after washing). Peaks at 203, 210
and 230 nm indicate oleic acid and TOABr on the surface. After phase-transfer, “Au-8-2”
shows peaks at 203, 220 and possibly 210 nm. Two peaks around 300 are for Fe3O4
(valence-band crystal field transition of the octahedral and tetrahedral cations, 300 nm) and
Fe2O3 (charge transfer, 250 nm) [33]. The peak at 220 nm indicates TMAOH, and small
peaks at 203 and 210 nm suggest that oleylamine and TOABr may still be on the surface.
Surface existence of TMAOH and surfactants suggests that the phase-transfer is
unsuccessful. TOABr is probably the reason.
However, Au is not found in the liquid of washing after synthesis of Au-FeOx-8, as is
shown in Fig. 4.13. This implies that Au may be in the product, binding with FeOx NPs.
Moreover, the peaks in Fig. 4.13 cannot be attributed to any of the surfactants depicted in
Fig. 4.12(b). Therefore, sample “Au-FeOx-8” may involve different structures that require
further characterization.
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4.5 Conclusions

In this chapter, several methods from the literature to prepare gold-iron oxide
nanocomposites were reviewed. These take place in organic solvents. FeOx@Au synthesis
procedures adapted from literatures are initially designed for a Au content of over 70%.
This approach was tried here to prepare composites with a much lower Au content (2-5
atom. %). A method was sought after to prepare hybrid structures for the purposes of this
thesis. UV-Vis characterization of the samples prepared was used to distinguish interacting
from non-interacting Au and FeOx particles. Au-FeOx-3 is the organic-phase prepared
sample which showed Au peak in the UV-Vis spectra. However, its WGS activity is very
low, close to that of bare FeOx samples, indicating poor interaction between gold and the
iron oxide support.
Heat treatment is required to bond Au and FeOx NPs in the organic-phase syntheses.
TOABr is usually used as an additive in thermal treatments of Au-FeOx nano-composites.
However it is not suitable in fabricating catalysts. When heating Au and FeOx spheres
with the addition of TOABr, no direct sign of coalescence was observed. Interestingly, no
Au is found in the washing liquid. Thus, Au may be on the surface of FeOx NPs. Moreover,
the weight of the powder obtained from drying is more than the weight of reactants put in.
TOABr may change the chemical environment for the synthesis, which is difficult to
restore.
After heating without TOABr, Au-FeOx-4 was obtained as a selective catalyst for the ODH
of cyclohexane. A Auδ+ peak is observed in the UV-Vis spectrum of sample Au-FeOx-4.
This different Auδ+ form may be cationic Au nano clusters interacting with the FeOx
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support [28]. It was demonstrated in Chapter 3 that cationic gold is responsible for
dehydrogenation. That explains the dehydrogenation activity of sample Au-FeOx-4.
Furthermore, the yield of benzene in preliminary ODH tests of Au-FeOx-4 also proved
the interaction between Au and FeOx. Therefore, the synthesis parameters of sample
Au-FeOx-4 is recommended in further studies. Its choices of chemicals and temperatures
are listed in Table 4.4. Its preparation sequence is described in Figure 4.3 (b), with
separately prepared colloids mixed afterwards.
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Table 4. 1. Synthesis parameters of Au@FeOx NPs.
Formation of Au seeds
Method (all from
HAuCl4)

Capping agent (C) &
Solvent (S)

In-situ reduction
at 120°C by HD
or OAM

C: OAM-OA mixture
S: 1-octadecene

Reduction at
20°C by
LiEt3BH or at
65°C by OAM

Formation of FeOx
Fe
Precursor

Capping Ajgent (C)
& Solvent (S)

C: OAM-OA mixture
S: 1-cotadecene

C: TOP (2 nm) or OAM
(8 nm)
S: Hexane
Fe(CO)5

C: OAM-OA mixture
S: PE

Product Description
Method

Thermolysis at 310°C,
air-oxidation at 20°C

Morphology

Au
(at.%)

Dumbbell, Au 2-6 nm, Fe3O4 14-20
nm
Dumbbell, Au 2-8 nm, Fe3O4 14-20
nm

Refer
ences

1-5
5-10

1-5

C: OAM-OA mixture
S: PE

Thermolysis at 260°C,
air-oxidation at 20°C

Flower-like, Au 8 nm, Fe3O4 14-20
nm

C: OAM-OA mixture
S: PE or
1-octadecene or
hexadecane

Thermolysis at 310°C,
air-oxidation at 20°C

Dumbbell (Fe:Au<5), flower-like
(Fe:Au>5), polycrystalline Au 10
nm

9-50

7

1

Reduction at
185°C by HD or
OAM

C: OAM
S: Hexane

Reduction at
20°C by NaBH4
(DDAB)

C: DT
S: 1-octadecene

Fe(CO)5,
Fe(acac)3,
Fe(OL)3

C: OAM or OAM-OA
mixture
S: BE or PE

Thermolysis at 180°C,
air-oxidation at 100°C

Core/hollow shell, Au 4-5 nm,
2.5-3.5 nm Fe2O3 shell thickness

5

8

C: DA
S: Hexane

Fe(acac)3,
Fe(CO)5

C: OAM-OA mixture
S: 1-octadecene or
OE or BE or PE

Thermolysis at 300°C
for 2 hr (assisted by
HD)

Dumbbell, double dumbbell (both
in OE) and Au@ Fe3O4 core/shell
for Fe(acac)3, Fe(CO)5 only gives
dumbbell, Au 3 nm

7-31

12,13

C: DT
S: Toluene

Fe(CO)5

C: OAM-OA mixture
S: PE

Thermolysis at 200°C,
air-oxidation at 100°C

Core/hollow shell, Au 2 nm, Fe2O3
shell 1-4 nm

9

17

Brust 2-phase
reduction by
NaBH4 at 20°C
(assisted by
TOAB)

Fe(CO)5=iron pentacarbonyl

Fe(acac)3=iron acetylacetonate

Fe(OL)3=iron oleate

OA=oleic acid

HD=1,2-hexadecanediol

TOP=trioctylphosphine

DT=1-dodecanethiol

DA= dodecylamine

OE=octyl ether

PE=(di)phenyl ether

BE=benzyl ether

DDAB=didodecyldimethylammonium bromide

OAM=oleylamine

TOAB=tetraoctylammonium bromide
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Table 4. 2. Synthesis parameters of FeOx@Au NPs
Preparation of FeOx core

Preparation of Au shell

Method

Cappeing
agent (C) &
Solvent (S)

Fe(OL)3

Thermolysis at 300°C

C & S:
OAM-OA
mixture

Fe(acac)3

Thermolysis at
210-270°C (assisted by
HD)

C: OAM-OA
mixture
S: PE

Fe
precursor

Fe(CO)5

Thermolysis, refluxing
at 253°C, followed by
cooling down, adding
(CH3)3NO, and
refluxing again at
253°C, later stirred
overnight

C: OAM-OA
mixture or
OAM or OA
S: toluene

Product Description
Ref.

Au precursor

Capping
agent (C) &
Solvent (S)

Method

Morphologies

Au
(at. %)

HAuCl4

C: OAM
S:
chloroform

Slow reduction
at 20°C, 20 hr.

Fe3O4@ Au
core/shell NPs,
Fe3O4 10 nm, Au
1-2 nm
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19

Au(OOCCH3)3

C: OAM-OA
mixture
S: PE

Reduction at
180-190°C

Fe3O4@ Au
core/shell NPs,
Fe3O4 4 to 12 nm,
Au shell thickness
0.4-1 nm

70

20,21,23-27

C: DT
S: toluene

1. Brust
2-phase
reduction by
NaBH4 at
20°C (assisted
by TOAB)
2. Thermally
activated
deposition of
Au on FeOx

Fe3O4@ Au
core/shell NPs,
Fe2O3 (4-100 nm)
and Au (2 nm) NPs

71-99

22

HAuCl4

Fe(CO)5=iron pentacarbonyl

Fe(acac)3=iron acetylacetonate Fe(OL)3=iron oleate

OAM=oleylamine

OA=oleic acid

PE=(di)phenyl ether

DT=1-dodecanethiol

HD=1,2-hexadecanediol

TOAB=tetraoctylammonium bromide
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Table 4. 3. UV-Vis gold Au0 peaks (500-570nm) of samples.

Sample
Processing
Features

Au
colloid,
reduced
seperately

Au colloid,
reduced
separately, mixed
with FeOx colloid
after

Au0 Peak
present

Yes

No

Au colloid,
reduced in the
presence of
FeOx colloid

Au colloid, reduced
in the presence of
FeOx colloid,
subjected to
heat-treatment
afterward

No

Yes

Table 4. 4. Gold-iron oxide nanocomposite synthesis parameters.
Au-FeOx-1
Solvent
Capping Agent
Agent
Reduction Temp.and
Time
Temperature
Heat
Treatment
Time

Au-FeOx-4 Au-FeOx-7 Au Colloid
benzyl
toluene
toluene
toluene
ether
Oleylamine
Oleylamine (Au) and Oleic Acid
(Au)
(FeOx)
TBAB
40 °C, 5 min
N/A

140 °C
0.5 h
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110 °C
1h

N/A

Table 4. 5. Gold-iron oxide nanocomposite thermal treatment parameters.
Samples
Au at% from ICP
FeOx Shape
Solvent

Au-FeOx-3 Au-FeOx-7
1.42
N/A
Sphere
Benzyl
Ether

Capping Agent for FeOx

Au-FeOx-8
1.59
Toluene

Oleic Acid
and
TOABr(b)

Oleic Acid

Agent
Temp. and
Time
Temp.
140 °C
Heat
Time
0.5 h
Treatment
Addition of
No
TOABra
(a) TOABr=Tetraoctylammonium bromide
Reduction
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Au-FeOx-9
N/A
Octahedra

TBAB
40 C, 5 min
120 °C
1h
No

145-150 °C 145-150 °C
1h
1h
Yes

No

Figure 4. 1. Reaction scheme of Au@FeOx NPs [1-8, 12, 15, 18].
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Figure 4. 2. Reaction scheme of FeOx@Au NPs [19-27].
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Figure 4. 3. Reaction route of (a) Au-FeOx nanocomposites, and (b) physical mixture of Au
and FeOx colloids.
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Figure 4. 4. UV-Vis spectra of (a) Au colloid from control experiment and Au-Fe2O3
commercial catalyst from World Gold Council; (b) (1) 2Au-Fe2O3; (2) leached
0.7Au-Fe2O3; (3) 0.7Au-FeOx, reduced in H2 up to 400 °C; (4) Fe2O3. [28]
Assignments: 385nm for Auδ+; 410nm for iron hydroxide; 545nm for Au0 [28, 33].
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Figure 4. 5. UV-Vis spectra of Au, FeOx colloids, and their mixture with the same Au:Fe
ratio as the nano-composite samples.
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Figure 4. 6. UV-Vis spectra of several Au-FeOx nano-composites shown in Table 4.4.
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(a)

20nm

(b)

Figure 4. 7. Oxidative dehydrogenation of cyclohexane (a) and TEM image (b) on
Au-FeOx nanocomposite, Au-FeOx-4.
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Figure 4. 8. Thermally activated process to form Au-FeOx nano-composites from Au
colloid and FeOx colloid.
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Figure 4. 9. UV-Vis spectra of thermally treated Au-FeOx samples listed in Table 4.5.
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Figure 4. 10. WGS activity of Au-FeOx-3 sphere compared with other FeOx and Au-FeOx
samples from ref. [34].
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Figure 4. 11. UV-Vis spectra of the Au-FeOx-9 sample during different synthesis steps.
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(a)

(b)
Figure 4. 12. UV-Vis spectra of Au-FeOx-8 (a), and surfactants used in syntheses (b).

105

Figure 4. 13. UV-Vis spectrum of liquid disposed in the washing of Au-FeOx-8.
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100 nm

(a)

100 nm (b)
Figure 4. 14. TEM images of nano-composite Au-FeOx-8 as synthesized (a) and after
calcination (b).
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