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Abstract: This review provides an overview of the synthetic methods used for the preparation of 

monometallic Pd and Pt metal nanoparticles (NPs) supported on iron oxide and bimetallic Pd-Fe and Pt-Fe 

systems. The use of iron as a support or as a modifier leads to a change in electronic density on the noble 

metal, which in turn affects the catalyst activity. In particular, when iron oxide is used as a support the noble 

metal tends to donate electrons to the support. On the contrary, bimetallic noble metal-Fe NPs show a charge 

transfer from iron to the noble metal. This behavior occurs both when iron is in contact or strictly closed to 

the noble metal NPs. The synthetic approach used for the synthesis influences the physico-chemical 

properties of the final material, thus a focus on the synthetic procedures and the catalyst characterization 

are provided to elucidate the key factors that influence the exceptional catalytic performances of these 

materials. Pd-Fe, Pt-Fe bimetallic NPs were selected as representative systems due to their broad use in 

heterogeneous oxidation and hydrogenation catalytic reactions. 
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1. Introduction 

Iron is the fourth most abundant element (5.63 %) in Earth’s crust, after Oxygen (46.1 %), Silicon (28.2 %) and 

Aluminum (8.23 %)[1], and the second most abundant metal on our planet. Iron is mostly obtained from 

minerals called magnetite (Fe3O4) and hematite (Fe2O3), and in small amount from limonite (FeO(OH)·nH2O), 

siderite (FeCO3), and taconite. The chemistry of iron has been exploited since 1500 B.C., when it was used to 

fabricate tools and weapons with a superior resistance than their bronze equivalents[2]. Subsequently, iron 

modification with silicon or carbon led to the synthesis of alloys (steel) with tunable properties[3]. Iron and 

steel are nowadays key components of buildings[4], machinery and automotive industries[5,6], and they are 

commonly used also in the construction of railways, roads and pipelines[7]. Furthermore, stainless steel is 

used to produce cutlery, watches, surgical instruments, jewelry and components of spacecraft and space 

stations. 

Iron, has an important role in catalysis as well, although it has been traditionally eclipsed by other noble and 

transition metals. The two main industrial processes that use iron as catalytic material are the Haber-Bosch 

process[8] for the synthesis of ammonia and the Fischer-Tropsch process for the production of hydrocarbons 

from CO and H2[9]. The Haber-Bosch process uses a K2O or Al2O3-promoted iron catalyst which are prepared 

by reduction of high-purity magnetite[10]. On the other hand, the Fischer-Tropsch synthesis takes advantage 

of iron carbide as the active species[11], with the addition of promoters such as potassium and copper to 

increase the catalytic performance and stability[12][13]. These two well-known industrial processes are 

based on iron as bulk material; during the last 20 years, however, the use of iron as catalytic support or active 

metal (i.e. iron nanoparticles) supported on carbonaceous materials or metal oxides has attracted the 

attention of the scientific community. It is commonly known that hydrogenation[14–16] and oxidation[17–

mailto:laura.prati@unimi.it


19] reactions are facilitated by the presence of a noble metal-based catalysts. However, the high costs and 

the low availability of noble metals lead to the transition to available and environmentally friendly metals. 

In this perspective iron can play a key role due to its unique physical-chemical properties. Iron has three 

different oxidation states (Fe0, FeII, and FeIII) and it is possible to modify the crystallinity, the oxidation state 

and its allotropic form by annealing processes[20–23] or during the synthesis itself[24–27]. Moreover, the 

magnetic properties of iron oxide make this material very suitable for catalysis due to its simple recovery 

after the use[28]. Many researchers studied the synthesis of iron-based nanomaterials for several 

applications, such as water treatment[29–31], biomedical applications[32–34], photocatalytic[35–37], 

electrochemical[38–40] and cross-coupling[41–43] reactions, pollutants degradation[38,44] and 

dehalogenation processes[45–47]. Figure 1 shows the VOSviewer[48,49] map visualization based on the 

Scopus research for the keyword “iron based material”. VOSviewer software, based on co-occurrence, 

organizes the topic keywords into four main categories: magnetic properties (yellow), adsorption and waste-

water treatment (red), iron alloy (green), and iron compounds in catalysis (blue). The size of the circles reveals 

the strength of the co-occurrence linking with other keywords. Iron based materials are used in a wide range 

of applications, but the research about their application in catalysis is still at the beginning, as can be inferred 

by Figure 1. 

  

Figure 1. VOSviewer generated map for “Iron based material” Scopus research. Adsorption and waste-water 

treatment (red), catalytic applications (blue), magnetic properties (yellow), and iron alloy (green). 

Iron can be used in heterogeneous catalysis as a support for its unique magnetic properties and the possibility 

to synthesize mesoporous or nano-scale supports in different oxidation states. Fe, in fact, has shown in the 

last few decades to be extremely versatile as a support for noble metal NPs (such as Pd and Pt) when present 

in one of its many oxidized formforms (commonly referred as FeOx). Another way to implement the use of 

Fe into active catalysts is by adding Fe to the active noble metal (Pd and Pt) in a similar molar amount in order 

to create bimetallic systems that are mainly composed of M-Fe or M-FeOx entities (where M is either Pd or 

Pt) present as small NPs and supported on a wide range of materials such as metal oxides or carbonaceous 

materials. 

The synthetic approaches used for the preparation of iron-based materials are different, from the classical 

impregnation and precipitation methods, to biosynthesis, continuous synthesis, microemulsion assisted 



protocol, and strong adsorption method. These protocols allow to synthesize a broad range of iron/iron oxide 

NPs size and bimetallic iron-metal NPs in the form of alloy[50–54], core-shell[55–58], and more complicated 

structures[59,60]. The current literature studied the use of these materials for biomedical applications, for 

studying mechanical and magnetic properties, for adsorption and waste-water treatment, but recent reviews 

about the preparation methods and utilization of iron-based materials in heterogeneous catalysis are 

missing. Due to the increase of publications about this subject and the wide variety of the synthetic 

approaches, this review aims to summarize the methods used for the preparation of noble metal (specifically 

Pd and Pt) NPs supported on iron oxides (M/FeOx) materials and noble metal-iron supported bimetallic NPs 

(MFe/support) for heterogeneous catalytic applications, more specifically for hydrogenation and oxidation 

reactions. It should be pointed out that there is often a thin line dividing what is considered Fe as a support 

or as a co-active metal. For sake of clarity, in this review we consider Fe as a support when it is present in 

much larger amount compared to the active metal, and there is only minimal contact between the two 

entities (i.e. metal nanoparticles anchored on FeOx). On the other hand, we consider Fe as a co-active metal 

when present in similar molar amount compared to the active metal and intimately mixed with it, regardless 

of its oxidation state. For this reason, NPs consisting of an homogeneous mix of M and Fe in a zero valent 

oxidation state will be discussed along with NPs composed of a mixture of M and FeOx species. Moreover, 

since the different synthetic approaches influence the physical-chemical properties of the final catalysts, a 

wide description about the characterization results of the material will be provided in order to understand 

the role of the iron species in the modification of the noble metal electronic properties. Pd and Pt have been 

chosen as reference noble metal due to their wide use in heterogeneously catalyzed oxidation and 

hydrogenation reactions. Beyond these systems, Au-Fe catalysts can be used for heterogeneous catalytic 

reactions. In this case the iron does not modify the electronic properties of the gold, but it provides reactive 

oxygen species[61,62]. Since iron in Au-Fe system is not an electronic modifier, the discussion of these 

catalytic materials falls outside the scope of this review. 

 

2. Synthesis, characterization and catalytic application of Pd-Fe and Pt-Fe systems  

2.1. Pd-Fe systems 

Pd supported NPs are excellent catalysts for the hydrogenation of the C=C double bond[63–67], therefore 

when a substrate possesses both C=O and C=C bonds, the selectivity towards the reduction of the carbonyl 

bond is often difficult[68–70]. For this reason, the use of specific catalytic materials able to decrease the 

activity of Pd and tune the selectivity towards the C=O hydrogenation is a matter of interest. The influence 

of iron oxide NPs on catalytic hydrogenation of various substrate has been verified in several occasions for 

Pd NPs[71]. Pd-Fe systems proved to have exceptional performance in promoting the C-C and C-O cleavage 

as well as selective hydrogenation of C=O double bonds, opening the way to produce added value chemicals 

from biomass derived compounds[72]. 

The main peculiarity of Pd-Fe systems is the possibility to have intimate contact and interaction between Pd 

and Fe, which allows modification of the electronic density of Pd thus promoting unpredicted catalytic 

reactions under mild reaction conditions. The electronic modification of the metals is often studied using X-

ray photoelectron spectroscopy (XPS). Using XPS analysis, a positive (or negative) shift in the binding energy 

of Pd indicates a partially positive (or negative) charge due to the electron transfer between Pd and Fe. 

Spontaneous support reduction is observed when Fe is used as a support (in the form of iron oxides), but the 

mechanism of support reduction is not uniquely recognized. Liu et al. suggested that the promoting effect of 

Pd in the reduction of hematite to magnetite directly originates from the catalysts preparation protocol[73]. 

Therefore, when Pd-Fe based materials are prepared with an in situ formation of Pd NPs on the iron oxide 

support their promoting effect is more emphasized than when they are synthesized with a two-steps 

protocol[74,75]. On the other hand, other researchers agree that even when Pd NPs are not directly attached 



to the iron oxide (i.e. multilayer catalyst) their proximity can result in collision, leading to interactions and 

electron transfer between iron oxide support (or NPs) and the Pd surface. This behavior results in the 

activation of the functional groups thus helping the hydrogenation[71,74].   

In many cases Fe NPs are used to prepare bimetallic alloyed systems supported on carbonaceous materials 

or metal oxides. In some cases, when Fe is present in large amount, it is useful to isolate Fe NPs from the 

catalytic centers using carbon (graphene) or silica coating. The coating of magnetic NPs is suitable to isolate 

NPs thus preventing the oxidation and to impart functional groups. The carbon shell provides protection due 

to its high thermal and chemical stability, while silica shell does not fully block the oxygen diffusion[76]. The 

peculiarity of bimetallic systems is the possibility to tune electronic and chemical properties of the alloy[77] 

or to enhance the synergic effect of non-competitive adsorptions[78]. Moreover, the Fe can improve the 

catalyst stability against Pd leaching, even in acidic environment[79]. Fe can be used as support in the form 

of Fe2O3, Fe3O4 or zero valent iron (ZVI), and in bimetallic systems such as alloy or core-shell NPs. The multiple 

forms of the iron oxides are of a great interest since the reducibility of the support can influence the activity 

and the selectivity to unsaturated alcohols[80]. Pd-Fe bimetallic catalyst have been reported to be effective 

in nitrocompounds reduction[81] and hydrogenolysis reactions[72], while for hydrogenation reactions they 

have shown divergent results. In the following sections, iron as support (Pd/FeOx) and iron in bimetallic 

systems (PdFe/support) will be described. 

2.1.1 Pd nanoparticles supported on FeOx 

Pd NPs supported on iron or iron oxides can be prepared using the classical impregnation, deposition and co-

precipitation methods[82], as well as the more recent continuous synthesis[83] and bio-synthesis[84]. 

• Impregnation 

Pd/FeOx materials can be easily synthesized by impregnation (wet impregnation (WI) and incipient wetness 

impregnation (IWI))[85]. WI leads to the formation of very small Pd NPs (1-3 nm)[86,87] while with IWI it is 

possible to synthesize a wide range of particle size[88,89]. Pélisson et al. and Farrag reported the synthesis 

of Pd/Fe2O3 by wet impregnation with different approaches. Farrag prepared atomically precise 

monodisperse palladium nanoclusters protected by N-acetyl-L-cysteine (Pdn(NALC)m) ligand[87]. Firstly, he 

prepared Pd0 clusters protected by NALC and chemically reduced by NaBH4. Then, after their recovery, he 

impregnated them on commercial α-Fe2O3. The removal of the ligand was performed using microwaves, 

allowing to obtain a highly dispersed 1 nm Pd0 clusters onto commercial α-Fe2O3. The material proved to be 

very active in the hydrogenation of cinnamaldehyde (75 % conversion after 3 h at 80 °C and H2 bubbling), 

with selectivity > 90 % to cinnamyl alcohol and stability over 4 repeated cycles. Using this procedure, the 

surface area of the support was increased one and a half times and the microwave treatment allowed to 

completely remove the organic ligand, thus increasing the catalyst activity. Pélisson et al.,[86] on the other 

hand, synthesized magnetically recoverable Pd0/γ-Fe2O3 nanocomposite by impregnating magnetic iron 

oxide NPs with Pd precursor salt and without the use of organic modifier. Magnetic iron oxide NPs were 

synthesized through a typical co-precipitation method using aqueous Fe2+/Fe3+ salt solution.[90] The support 

was then impregnated with Pd precursor and subsequently reduced with NaBH4. The obtained magnetic 

material was characterized using TEM, XPS, XRD, and Mossabuer spectrometry. Relatively uniform 

superparamagnetic iron oxide NPs (11 nm) were present mainly in the form of γ-Fe2O3. The prepared 3 nm 

Pd NPs supported on γ-Fe2O3 exhibited excellent activities towards the reduction of olefinic compounds and 

nitro derivatives leading to the design of an attractive catalyst in terms of activity, selectivity, and 

recyclability.  

Similar approach was used by Caparrós et al.[91] who loaded and reduced different amount of Pd on 

commercial magnetite (49 m2
 g-1, 40 nm) functionalized with N-(3,4-dihydroxyphenethyl)-4-

(diphenylphosphino)benzamide. Using low amount of Pd (0.11 %wt) they obtained Pd single atom, while 

small Pd clusters (1.2 nm) and small Pd NPs (4.3 nm) were obtained for loading of 0.4 %wt and 3 %wt, 



respectively. The single atom catalyst proved to be particularly effective in the hydrogenation of CO2 to 

ethanol, although the single atoms progressively evolved into NPs under high reaction temperature (250-300 

°C), which as a consequence decreased the selectivity to ethanol. 

Likewise, Li et. al impregnated and reduced Pd NPs on Fe3O4 prepared by hydrothermal protocol[92]. Briefly, 

a mixture of iron chloride, sodium acetate and polyvinylpyrrolidone dissolved in ethylene glycol was heated 

at 200 °C. The as synthesized magnetic support was covered with a shell of carbon, SiO2, polypyrrole(PPy), 

polyaniline (PANI), polydopamine (PDA), and chitosan (CHI), thus creating a core-shell structure. XRD analysis 

of Fe3O4 and supported Pd NPs showed that no changes of the support structure occurred during the coating 

process. The bare support and the supported Pd core-shell catalysts were also characterized by TEM. Fe3O4 

magnetic support showed spherical clusters with a size in the range of 400-500 nm, and shells with different 

thickness were clearly observed for the core-shell supports (Figure 2). The Pd particle sizes varied from 3.3 

to 4.6 nm, depending on the composition and surface moieties of the shell. Moreover, XPS analyses revealed 

that Pd NPs were both in the metallic and oxidized form. The presence of Pdδ+ was due to the strong 

interaction between surface functionalities of the shell and Pd NPs, resulting in electrons transfer from Pd0 

to the support[65,93]. The higher the Pdδ+
 amount, the stronger the metal-support interaction and the 

smaller the Pd NPs size. The actual deposition of the shell on the Fe3O4 was also verified by IR spectroscopy 

and the magnetization of the sample was determined by vibrating sample magnetometer, where a reduction 

of the magnetic properties was found for all the coating samples respect to the bare support. From a catalytic 

point of view, the presence of a carbon or SiO2 shell resulted in low activity towards bromate reduction, due 

to their low points of zero charge, which invoke electrostatic repulsive interaction with anionic bromate and 

suppress bromate adsorption. On the other hand, CHI, PDA and PANI shells displayed high catalytic activities 

due to their high points of zero charge, resulting in enhanced bromate adsorption; PPy shell, despite having 

a high point of zero charge, exhibited low catalytic activity due to its strong surface hydrophobicity, which 

according to the authors inhibits the access of bromate to Pd sites of the catalysts. 

 

 



Figure 2. TEM images of A) Fe3O4 B) Pd/Fe3O4@CHI C) Pd/Fe3O4@PDA D) Pd/Fe3O4@PPy, and E) 

Pd/Fe3O4@PANI. Adapted from [92] Copyright 2019 Elsevier. 

Hajdu et al. adopted a different strategy regarding both the support synthesis and the impregnation 

technique. Maghemite NPs were synthesized by a combustion method by calcining iron(III) citrate dispersed 

in polyethylene glycol at 500 °C for 2 h. The Pd was loaded by impregnation in ethanol using a homogenizer 

to sonicate the dispersion. The energy in the “hot spot” created by ultrasonic cavitation can cover the needs 

of the reduction of metal cations to metal in the presence of a reducing agent[94]. No phase-change in the 

support was observed after the homogenizer assisted Pd deposition. The palladium loading on maghemite 

support led to the aggregation of the magnetic particles whose size increased from 22 nm to 70-200 nm. Pd 

NPs mean size was 4.5 nm and XRD analyses showed that all the particles were in the form of metallic Pd. 

The catalyst was used for the hydrogenation of nitrobenzene to aniline, obtaining full conversion and 97 % 

selectivity at 293 K. 

IWI synthesis is one of the most commonly used method to prepare Pd/Fe systems, since it allows to obtain 

a wide range of Pd NPs using a very simple technique. Hensley et al. reported the synthesis of Pd/Fe2O3 

catalysts with different Pd loadings (0.1-5 %wt)[95]. They firstly prepared Fe2O3 support by aqueous phase 

precipitation of ferric nitrate in ammonium carbonate. After the recovery and drying of the support, they 

impregnated the support with a Pd(NH3)(NO3)2 aqueous solution and they dried the material at 80 °C 

overnight. The authors obtained well dispersed Pd NPs with an average size of about 5 nm. Moreover, from 

TPR analyses, a strong interaction between Pd NPs and Fe2O3 support was highlighted by a shift of the Fe2O3 

reduction peak at lower temperature (Figure 3A). Computational studies, supported by experimental 

characterization (TPR and XPS analyses), revealed the synergistic effect of Pd-Fe system in the 

hydrodeoxygenation of phenolic compounds. In particular, they demonstrated that the addition of Pd onto 

the Fe2O3 protects the active metallic Fe from oxygen poisoning through donation of Pd electrons to the 

topmost surface of Fe, which allowed the oxide surface electrons to become more delocalized. 

 

 

Figure 3. A) TPR profiles and XPS spectra of fresh Pd/Fe2O3 samples in the B) Pd 3d, C) O 1s, and D) Fe 2p 

regions. Adapted with the permission of Hensley et al.[95]. Copyright 2014 American Chemical Society.  



The same approach for catalysts preparation was followed by Jiang et al.[75] who prepared a Pd/meso-γ-

Fe2O3 catalyst by synthesizing a mesoporous γ-Fe2O3 starting from iron nitrate, 1-butanol, nitric acid, and 

poly(ethylene glycol) solution. The prepared mesoporous support had a spherical shape with “hedgehog-

like” aggregates which consisted of radially oriented NPs (Figure 4A). Moreover, the impregnation of Pd on 

mesoporous γ-Fe2O3 led to an observable change of peaks shape in XRD patterns ascribable to structure 

modifications of the support by Pd deposition (Figure 4B). This catalyst showed excellent activity in 

hydrogenation of nitrobenzene, with a TOF two times higher than Pd/Fe2O3 prepared using commercial iron 

oxide. Therefore, the choice of the physical-chemical properties of the support plays a key role in the 

hydrogenation reaction of nitro compounds. 

 

Figure 4. A) TEM images of 1% Pd/meso-γ-Fe2O3-im catalyst and B) High-angle XRD patterns of mesoporous 
γ-Fe2O3, 1%, and 2% Pd/meso-γ-Fe2O3-im catalysts. Adapted from [75] Copyright © 2015 Elsevier B.V. 

A different approach was used by Neri et al. who impregnated palladium(II)acetylacetonate on Fe2O3 

prepared by precipitation of iron nitrate[89]. From TEM, TPR and XRD analyses a strong interaction between 

Pd and iron oxide was found. Matching TEM and XRD results they hypothesized an intimate contact between 

Pd NPs and the support which leads to a strong metal-support interaction that hinders the crystal growth 

and the crystallization of both support and Pd NPs. Moreover, from TPR analyses no clear peak of the 

reduction of Pd NPs was observed, while a broad peak at higher temperature appeared. This meant that both 

Pd NPs and iron oxide support were simultaneously reduced, indicating a strong interaction between them 

and a stabilization of Pd(II) species[96]. The catalyst was applied in the selective hydrogenation of an 

unsaturated aldehyde (campholenic aldehyde), showing a remarkable activity compared to several other 

similar catalysts (Pd deposited on metal oxides such as SiO2, TiO2, ZnO, NiO and Co3O4), although the Fe2O3-

based catalyst displayed poor selectivity to either the product of hydrogenation of the C=O bond or the C=C 

bond. The different behavior of the Pd catalysts was attributed to a modification of the noble metal electronic 

properties which consequently change the interaction of surface Pd atoms with adsorbed reactant species. 

Specifically, this effect occurs when a strong Pd interaction is established with the support, leading to new 

surface sites created at the Pd–support interface and/or formation of mixed ensembles or bimetallic Pd-

based alloys. 

• Co-precipitation 

Pd/FeOx catalysts can be also prepared by the co-precipitation method, where one or more metal precursors 

are mixed within a solution containing a precipitation agent (hydroxides, oxalates, formats, carbonates). Liu 

et al. [73] prepared Pd/Fe3O4 catalysts by co-precipitation of iron nitrate and palladium chloride with sodium 

carbonate. The obtained catalysts were calcined (Pd/Fe(OH)x) and reduced at 200 °C under a flow of 

hydrogen. The XRD patterns of Pd/Fe(OH)x precursor indicated that iron hydroxide was present in its 

amorphous state, while PdO is highly dispersed with a crystallite size under the detection limit. The surface 



area of Fe(OH)x and Pd/Fe(OH)x was 110 m2 g-1 and 229 m2 g-1, respectively; this indicated that PdCl2 

efficiently improves the dispersion of Fe(OH)x. Moreover, the TPR profile (Figure 5B) showed a peak centered 

at 157 °C indicating the simultaneous reduction of Pd2+ to Pd0, and Fe(OH)x to magnetite, while the peak at 

87 °C was ascribed to the reduction of Pd2+ to Pd0 and Fe3+ to Fe3O4. After the reduction step, the final 

Pd/Fe3O4 catalysts was obtained. The XRD analyses revealed the presence of Fe3O4 with an average crystallite 

size of about 11 nm (Figure 5A). The N2 adsorption isotherms showed that, after the reduction step, the 

surface area of Pd/Fe3O4 was a little bit lower than that of Pd/Fe(OH)x, and a type IV isotherm identified a 

mesoporous structure. The corresponding pore size distribution indicated a relatively uniform pore size 

centered at about 3.4 nm. Moreover, the active surface area determined by CO chemisorption was 4.0 m2 g-

1, while average Pd particle size determined by TEM was < 3 nm. For comparison, the authors synthesized a 

Pd/Fe2O3 catalyst by incipient wetness impregnation method, which displayed active surface area of 2.1 m2 

g-1 and average Pd particle size of 10 nm. The authors ascribed the higher H2 TOF observed in the aqueous-

phase reforming of ethylene glycol obtained with the Pd/Fe3O4 catalyst to a synergistic mechanism involving 

small Pd NPs and magnetite, which effectively promotes the water-gas-shift reaction. In addition, the catalyst 

produced by co-precipitation retained 80 % of its initial activity after reaching the steady-state. 

 

Figure 5. A) XRD pattern and B) TPR curves of Pd/Fe(OH)x and Pd/Fe2O3. Adapted from ref [73] Copyright © 
2010 Elsevier Inc 

Similar results were obtained by Mauriello et al.[88], who synthesized Pd/Fe3O4 by both co-precipitation and 

incipient wetness impregnation. The catalysts displayed significant differences in their physico-chemical 

properties. The co-precipitation catalyst showed higher surface area (170 m2 g-1 versus 60 m2 g-1), higher 

active surface area (2.51 m2 g-1 versus 0.23 m2 g-1) and smaller average Pd particle size (1.8 nm versus 8.8 

nm). As expected, these differences had a strong impact on the catalysis, where the co-precipitated palladium 

catalyst allowed a complete conversion of glycerol to 1,2-propanediol and ethylene glycol under mild 

reaction conditions by using 2-propanol as hydrogen donor. In addition, the physico-chemical 

characterization of the co-precipitated palladium catalyst suggested that a strong interaction between Pd 

and the support leading to formation of bimetallic ensembles which positively promote the glycerol catalytic 

transfer hydrogenolysis reaction. 

Gumina et al. used palladium nitrate as metal precursor instead of palladium chloride[97]. The Pd NPs size 

and TPR profile were similar to the one obtained by Liu et al. and Mauriello et al[73,88]. Extended x-ray 

adsorption fine structure (EXAFS) characterization confirmed the formation of Pd-Fe cluster since a Fe-Pd 

distance (0.259 nm) was observed, which is shorter than the length of Pd-Pd bond (0.266 nm)[98]. Finally, 

XPS analysis showed the presence of Pd-Fe ensembles/alloy due to the shift of the Pd 3d5/2 peak (+0.5 eV); 

this was assigned to the presence of partial positively charged Pdδ+ species. The catalyst was used for the 

hydrogenolysis of sorbitol as well as in the hydrogenolysis of C5-C3 polyols, where it showed excellent activity 

respect to a Pd/C catalyst. In particular, 91 % of conversion was obtained with Pd/Fe3O4 after 24 h at 180 °C 



and 5 bar of H2, compared to only 14 % obtained with a commercial Pd/C in the same reaction conditions. In 

addition, gas phase analysis at the end of the reaction showed the absence of CO, thus confirming the 

excellent performance of the co-precipitated Pd/Fe3O4 catalyst in promoting the water-gas-shift reaction. 

Co-precipitation method was also used to prepare Pd/Fe2O3 catalysts. Musolino et al. co-precipitated 

palladium chloride and iron(III) nitrate with sodium carbonate and they dried the obtained material at 80 °C 

under vacuum. Finally they reduced the catalyst at 200 °C for 2 h under hydrogen flow[99,100]. The method 

is similar to the one described above, but the phase of the support changed due to the different temperatures 

and times used during the drying and the calcination step. The synthesized catalysts showed a mean particle 

size of 2.4 nm and TPR analysis revealed a strong interaction between Pd and Fe. The absence of the satellite 

peak of Fe 2p in the XPS analysis denoted a magnetite structure of the support[101,102]. The shift of Pd 3d 

peak towards higher values was ascribed to a change in the Pd electronic density as a consequence of the 

metal-support interaction or metal-metal interactions[103]. The Pd/Fe2O3 catalyst was tested in glycerol 

hydrogenolysis and aliphatic carbonyl reduction giving better results than the respective catalysts prepared 

by incipient wetness impregnation. Therefore, the enhancement of the activity of this catalyst respect to that 

prepared by impregnation is due to the modification of the electronic properties of the Pd NPs. In particular, 

in the absence of any alloy, the carbonyl reduction mechanism implied and oxidative approach by Fe3+ on the 

oxygen moiety of the carbonyl molecule and its reduction to Fe2+. This implied a decrease of the π*CO, 

preferring the activation of the carbonyl bond on the Pd surface. 

For the transfer hydrogenation/hydrogenolysis of furfural an analogous synthetic protocol was followed by 

Scholz and co-workers using PdCl2 as metal precursor[104]. In this case, however, the catalyst was reduced 

in-situ in the reaction mixture under the reaction condition used (25 bar of N2 and 150 °C). The Pd/Fe2O3 

catalyst was compared with materials prepared in a similar way by only changing the active metal (Cu and 

Ni). The authors demonstrated that only the Pd-based catalyst accomplished complete metal reduction 

under the reaction conditions used. In addition, the Pd/Fe2O3 catalyst proved to be the most active, achieving 

68 % of furfural conversion after 7.5h versus 37 % and 46 % of the Cu/Fe2O3 and Ni/Fe2O3 catalysts 

respectively. The reactivity of Pd/Fe2O3 in C-O cleavage reactions was attributed to a strong metal–support 

interaction. The authors extended the study of the Pd/Fe2O3 catalyst to the continuous 

hydrogenation/hydrogenolysis of 5-hydroxymethyl furfural (HMF), showing a high selectivity towards either 

2,5-bis(hydroxymethyl)furan or 2,5-dimethylfuran depending on the residence time and the temperature. 

Additionally, after an initial decrease in conversion, the activity of Pd/Fe2O3 remained stable over 47 h. 

Wu et al. prepared 5%Pd/Fe2O3 catalyst by precipitation of iron nitrate and palladium nitrate[98]. The 

Pd/Fe(OH)x catalysts was calcined in air at 300 °C for 2 h and then pre-reduced in a flowing stream of H2/N2 

at 200 °C for 1-72 h. XRD pattern confirmed the presence of Fe2O3 phases but no Pd peaks were observed 

due to the extremely small Pd particles on the surface of the reduced iron oxide. TPR profile showed just one 

peak at about 130 °C owing to the strong interaction of Pd with iron, which led also to the formation of PdFe 

clusters under the pre-reduction conditions. The direct observation of the PdFe clusters was extrapolated 

from EXAFS characterization, where a Pd-Fe distance (2.59 Å) was acquired. Moreover, XPS analyses revealed 

a shifting in the binding energies of Pd and Fe to higher values indicating the formation of a PdFe alloy-like 

structure[102,105,106]. Furthermore, TEM images confirmed the presence of small clusters and metal 

particles (0.5-2.5 nm), and even single atoms around the edges of the clusters were found. This catalyst was 

effectively applied in the catalytic production of methanol through a non-syn-gas route, using ethylene glycol 

as substrate. The catalyst was compared to other Pd-based catalysts such as Pd/ZnO, Pd/Ga2O3, Pd/CeO2 and 

Pd/Al2O3, proving to be the most active with conversion over 2 times higher as well as the most selective to 

the desired product methanol. 

• Deposition-precipitation 



Besides impregnation and co-precipitation technique, Pd/FeOx systems can be prepared by deposition-

precipitation (DP) method. The objective of the precipitation technique is to obtain a well-dispersed metal 

hydroxide (or carbonate) phase on the support through its precipitation from an aqueous metal solution by 

adding a base (urea, ammonia, sodium hydroxide, hydrazine, triethanolamine, carbonate, sodium 

borohydride…).  

Shukla et al. prepared Pd/Fe2O3 catalysts by deposition method using triethanolamine (TA) and hydrazine 

(HZ) as precipitating and mild reducing agents[107]. Fe2O3 support was prepared by hydrothermal method 

using iron chloride as metal precursor and polyvinylpyrrolidone as stabilizer. This solution was heated at 180 

°C for 48 h in an autoclave. Palladium precursor was then added by deposition with TA or HZ. The particle 

size of 1%Pd/Fe2O3 evaluated with TEM analyses was 18.4 nm and 5.2 nm for 1%Pd/Fe2O3
HZ and 

1%Pd/Fe2O3
TA, respectively. Moreover, different amount of Pd was loaded on Pd/Fe2O3

TA and TEM images 

revealed that the higher the loading, the larger the Pd NPs sizes (Figure 6A-C). The crystallinity of the obtained 

materials was determined by XRD analyses. XRD pattern of 1%Pd/Fe2O3
TA did not show the Pd0 and PdOx 

peaks due to the small crystallite size and the low loading. However, increasing the Pd loading from 1 to 5 

%wt, PdO peak appeared indicating the existence of bigger palladium oxide crystals. SEM images of 

1%Pd/Fe2O3
TA revealed the spherical and somewhat oval-shaped morphology of the iron oxide NPs with a 

size in the range of 60-120 nm. XPS analyses of 1%Pd/Fe2O3
TA showed the presence of metallic Pd, PdO, and 

Pd(OH)2, while after hydrogen pre-treatment the last peak disappeared. Interestingly, after hydrogen pre-

treatment no variation in the oxidation state of the support was observed. UV-Visible diffuse reflectance 

spectra were recorded to confirm the interaction between Pd and Fe2O3 particles (Figure 6D). Moreover, TPR 

analyses of 1%Pd/Fe2O3
TA catalysts revealed the presence of stronger metal-support interaction than 

1%Pd/Fe2O3
HZ due to the presence of highly dispersed and smaller Pd NPs (Figure 6E). The prepared support 

displayed a broad band in the range of 300-620 nm at the absorption edge of 608 nm[108]. After the 

deposition of Pd, 1%Pd/Fe2O3
TA catalyst showed a red shift at the absorption edge of 613 nm which was due 

to the charge transfer between the Pd NPs and the Fe2O3 support. Finally, EXAFS analysis was performed to 

explore the local and electronic environment of 1%Pd/Fe2O3
TA. Pd-O bond distance and some long distance 

related Pd-Pd interactions were observed. The prepared catalysts were used for the selective hydrogenation 

of nitro compounds and Suzuki coupling reactions in aqueous medium. The authors showed that both 

catalyst preparation method as well as size of active metal played a significant role in catalysis. In particular, 

smaller Pd NPs obtained using TA as reducing agent led to a general increase in activity compared to the 

catalyst synthesized with HZ as well as an increase in stability. The authors further demonstrated the particle 

size effect by synthesizing a 1%Pd/Fe2O3 catalyst by incipient wetness impregnation having average Pd 

particle size of 22 nm; the activity towards p-nitrophenol reduction and Suzuki coupling decreased by a factor 

of 4 compared to the most active 1%Pd/Fe2O3
TA catalyst. 



 

Figure 6. TEM images of A) 0.5%Pd/Fe2O3
TA, B) 1.5%Pd/Fe2O3

TA, C) 3%Pd/Fe2O3
TA catalysts; D) UV-Vis Diffuse 

reflectance spectra of Fe2O3 (black line) and 1%Pd/Fe2O3
TA (red line), and E) TPR profile of pure Fe2O3

HY
 (red 

line) and 1%Pd/Fe2O3
TA

 (purple line) Adapted from ref [107] © 2019 Wiley‐VCH Verlag GmbH & Co. KGaA, 
Weinheim 

Je at al.[82] prepared rod-like and plate-like iron oxides by a modified precipitation method[109] and a 

modified hydrothermal approach[110], respectively. For the rod-like support, iron sulphate aqueous solution 

was heated to 78 °C and urea solution was then added dropwise. Therefore, the obtained material was dried 

and calcined at 350 °C for 2 h. Instead, the plate-like iron oxide was synthesized starting from an aqueous 

solution of FeCl3 and NaH2PO4. The solution was transferred into an autoclave and maintained at 220 °C for 

8 h. Pd deposition was performed using DP technique from an alkaline solution of NaOH and Na2PdCl4. XRD 

analyses of the support showed the presence of only α-Fe2O3 phase and a different contribution of <110> 

plane. Rod-like nanocrystal preferred <110> plane direction, while plate-like support the <001>. TEM images 

of the rod-like iron oxide displayed a diameter of about 150 nm while the plate-like support had a width of 

10 nm and a length of 150 nm. Pd NPs with a particle size distribution within 2-4 nm were uniformly dispersed 

on the different supports. The Pd/plate-like catalysts showed better activity in the hydrogenolysis of glycerol 

compared to the Pd/rod-like due to a combination of a higher Pd dispersion on the support and to a higher 

quantity of surface oxygen vacancies (presumably due to the dominant polar but unstable (001) surface on 

the plate-like iron oxide). 

• Other techniques 

Beside these common procedures for the synthesis of the catalysts, Pd/FeOx materials can also be obtained 

by solvothermal method, biosynthetic route, post coating technique and continuous synthesis. 

Cappelletti et al. prepared Fe3O4@Pd core-shell NPs using solvothermal procedure[111]. Superparamagnetic 

NPs of Fe3O4 were obtained from a Fe-urea complex synthesized starting from iron nitrate and urea. The Fe-

urea complex was dispersed in oleylamine (OA) and dibenzyl ether (DBE) and this suspension was heated at 

155 °C for 1 h, and at 300 °C for another 1 h. Pd0 shell was obtained using a similar methodology mixing Fe3O4-

OA powder with palladium acetate in OA or DBE. This synthetic procedure allowed obtaining well-defined 



core-shell structure with a Pd shell thickness of 1.3 nm and a particle size of 7 nm. FT-IR spectra showed the 

typical signal of Fe-O in magnetite structure[112] and the signal of OA which remained on the 

superparamagnetic NPs despite the washing. XRD patterns displayed the typical diffraction peaks of the fcc 

Pd phase and Fe3O4, while no PdO signals were observed. The as synthesized catalyst displayed high chemical 

stability against oxidation to maghemite for several months due to the Pd shell, as well as a very good 

catalytic activity for the Suzuki–Miyaura coupling reaction (80 % yield in the coupling reaction between p-

iodoanisole and boronic acid at 115 °C and N2 atmosphere after 5h). The catalyst proved also to be reusable 

for at least for four reaction cycles by simple magnetic separation, showing only a small decrease in activity. 

A similar procedure was followed by Biglione et al. who prepared the Fe3O4@Pd core-shell 

superparamagnetic NPs using either triphenylamine or triphenylphosphine as stabilizer[113]. The authors 

detected additional peaks belonging to PdO phase in the XRD pattern, as well as the presence of amorphous 

shape particles with larger particle size and polydispersity (9 ± 6 nm) compared to a similar catalyst 

synthesized using OA as stabilizer (7 ± 1nm). The OA-stabilized Fe3O4@Pd catalyst was tested in the 

hydrogenation of p-chloronitrobenze, showing almost full conversion after only 1 minute of reaction. 

Pd supported on mesoporous γ-Fe2O3 can be also synthesized by one-step sol-gel method. Jiang et al. mixed 

palladium nitrate with iron nitrate, poly-ethylene glycol (P123), nitric acid, and 1-butanol[75]. The phase of 

the support was checked by XRD and both 1%Pd/meso-γ-Fe2O3 and 2%Pd/meso-γ-Fe2O3 showed the 

characteristic peaks of γ-Fe2O3. Moreover, BET analysis confirmed the mesoporosity of the support and the 

catalysts prepared by sol-gel method exhibited a higher surface area than the one synthesized by 

impregnation as a reference. The one-step sol-gel catalyst was applied in the nitrobenzene hydrogenation 

reaction, where it showed lower TOF compared to the one prepared by impregnation due to less accessible 

Pd NPs on the surface of the mesoporous Fe2O3 support; higher stability over Pd leaching was however 

achieved, making the one-step sol-gel Pd/meso-γ-Fe2O3 catalyst a good candidate for the selective 

hydrogenation of nitrobenzene to aniline. 

Besides the Pd/iron oxide catalysts, interesting Pd NPs supported on zerovalent iron (ZVI) can be prepared 

by post-coating method. This method uses spontaneous redox reaction occurring between Fe0 and Pd2+ 

leading to the formation of Pd/ZVI NPs [114]. Pd NPs were deposited on nanoscale zero ZVI NPs synthesized 

by reduction with NaBH4. The overall process can be described with the following reactions: 

 

2𝐹𝑒(𝑂𝐻)2 + 2𝐵𝐻4
− +  2𝐻2𝑂 →  2𝐹𝑒0 ↓  + 2𝐵(𝑂𝐻)3 + 5𝐻2 ↑ 

𝑃𝑑2+ + 𝐹𝑒0  →  𝑃𝑑0 + 𝐹𝑒2+ 

 

The Pd/ZVI NPs had a surface area of 27 m2 g-1 which was independent from the Pd loading. Characterization 

analyses showed that individual particles had a size of 5-80 nm with a core/shell structure. In particular, the 

iron core was composed by ZVI enclosed within a thin layer of iron oxide, while the shell was only composed 

by metallic Pd. TEM images showed that no obvious change of particle morphology and size occurred after 

the deposition of Pd, while SEM revealed a heterogeneous distribution of Pd NPs on iron surface[114]. The 

catalyst was applied to the dechlorination of mono-, di- and tri-clorobenzenes in water, reaching full 

conversion in less than 60 minutes. The system, however, proved to be rather unstable, as the Pd/ZVI NPs 

exhibited significant decrease in dechlorination reactivity after a 24 h ageing step, possibly due to Pd 

dislodgment from the aged Pd/Fe particles and Pd islets encapsulation by the iron oxides film developed over 

aging period. The reactivity of the aged Pd/ZVI could be only partially restored after HCl treatment, while 

regeneration with NaBH4 could not restore the initial activity, although zerovalent state of the iron was 

reinstated. 



Similarly, Elliott et al. performed a field demonstration gravity-feeding 100-200 nm Pd/ZVI NPs into ground-

water contaminated by thrichloroethene and other chlorinated aliphatic hydrocarbons at a manufacturing 

site[115]. The study showed trichloroethene reduction efficiencies of up to 96 % on a 4-week monitoring 

period with injection of approximately 1.7 kg of the NPs into the test area over a 2-day period. The data 

gathered from the field assessment were consistent with the results of pre-injection laboratory studies, 

showing that Pd-Fe systems can be appealing for industrial applications as well. 

Huang and colleagues synthesized Pd/ZVI by reductive deposition of Pd2+ ions onto freshly prepared Fe0 NPs, 

using Fe2(SO4)3•6H2O and Pd(OAC)2 as metal precursors[116]. The NPs were found in homogeneous spherical 

shape with diameter between 40 and 100 nm. XPS analysis revealed the presence of Fe(III) oxides and 

oxyhydrides, as well as the presence of zerovalent Fe, suggesting a typical structure composed of a thin Fe 

oxides layer with metallic Fe core and Pd reductively deposited on the shell. The catalyst was 

succesfulysuccessfully applied in the selective hydrogenation of acetylene to ethylene in dimethylformamide 

at room temperature, achieving simultaneous isolation and in-situ conversion of acetylene. The performance 

was compared with other metal/ZVI catalysts (transition metal tested: Pt, Au, Ag, Cu and Ni) prepared with 

the same technique, as well as a bimetallic Pd-Ag industrial catalyst. The Pd/ZVI catalyst attained a 

remarkable catalytic activity higher by a factor of 2.2 orders of magnitude than that of the currently used 

industrial method. In addition, reusability tests indicated a very good reactivity and stability, with no loss in 

either conversion or selectivity after 5 recycles. 

A recent paper by Elazab et al. reported the continuous flow synthesis of Pd supported on Fe3O4 NPs[83]. The 

continuous flow synthesis allows preparing large amount of catalyst compared to the small amount that can 

be prepared with the standard lab-scale methods. Moreover, due to the use of a flow reactor (Figure 7), all 

the reagents flows are well controlled by flowmeters, avoiding human errors in the operations. An aqueous 

solution containing iron nitrate and palladium nitrate and a separate solution of hydrazine were prepared. 

By using a pump, these two solutions were injected into the T-Mixer and then mixed and pumped together 

to the microwave applicator. Different catalysts were synthesized varying the metal/hydrazine ratio, the 

flows of the solutions and the temperature. XRD and XPS analyses revealed that the catalysts were enriched 

of Fe3O4 and Pd0. Interestingly, the lower the temperature used during the synthesis, the higher the Pd0 

content. Moreover, TEM images showed that increasing the temperature the particles size increased from 4 

to 9 nm. In all the cases, Pd NPs supported on magnetite prepared under flow reaction conditions were 

smaller than those synthesized under batch reaction conditions, although they showed lower Pd(0) content. 

This resulted in a slightly lower activity in the CO hydrogenation reaction, where 100 % conversion was 

obtained at 137 °C, compared to a reaction temperature of 128 °C of the catalyst prepared in batch. 

 

Figure 7. Schematic representation of the continuous flow micro-reactors. 

Finally, Pd/Fe3O4 catalysts can be prepared with an innovative and green method based on the biosynthesis 

of Pd/Fe3O4 nanocomposites. These types of nanocomposite are produced under ambient and physiological 



conditions by Shewanella oneidensis MR-1 microbes. Tuo et al. demonstrated that monometallic Pd NPs can 

be produced on bio-synthesized magnetite giving high catalytic activity towards the hydrogenation of 

nitroarene compounds[84]. Fe3O4 support was prepared by Shewanella oneidensis MR-1 microbes starting 

from akageneite[117] and lactate suspended in an anaerobic PIPES buffer. Akagenite was added as electron 

acceptor, while lactate as electron donor. This bio-reduction system was incubated at anaerobic conditions 

at 30 °C in darkness. Then, the recovered and washed bio-synthesized Fe3O4 NPs were suspended again in a 

serum bottle, and Na2PdCl4 and lactate were added. The suspension was anaerobically incubated at 30 °C in 

the dark for 2 days. Finally, the nanocomposites were recovered with the help of a magnet. Microbial 

extracellular polymeric substances binding on the surfaces of biogenic Fe3O4 participate in the appearance 

of rod-like Fe3O4. The Fe3O4 nano-roads exhibited a length of 100-200 nm and a width of 7-17 nm, while Pd 

particles showed a mean particle size diameter of 5.5 nm with a crystal phase assigned to the <111> lattice 

spacing of the fcc Pd, also confirmed by XRD analysis. Similar catalysts were produced in order to obtain 

monometallic Au/Fe3O4 and bimetallic AuPd/Fe3O4. The materials were tested in the reduction of different 

nitroaromatic compounds, showing excellent catalytic activities. In particular, the bimetallic AuPd/Fe3O4 

catalyst achieved 94 % of 4-nitrophenol conversion after 8 minutes of reaction, compared to 76 % and 24 % 

of the Pd/Fe3O4 and Au/Fe3O4 respectively. The improved catalytic activity of alloyed PdAu NPs compared to 

that of monometallic Pd NPs was attributed to geometric and electronic effects after the introduction of Au, 

which can cause a contraction of the lattice and withdraw electron density from Pd (as further suggested by 

XPS data). In addition, the catalysts displayed satisfying stability over multiple reaction cycles, retaining most 

of its initial activity after over 8 cycles. 
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2.1.2 PdFe and PdFeOx nanoparticles supported on metal oxides and carbonaceous materials 

Similarly to what reported for monometallic Pd NPs supported on Fe oxides, the procedures to prepare 

bimetallic PdFe NPs are impregnation, galvanic replacement and chemical co-reduction. 

• Impregnation 

Both incipient-wetness impregnation and wet impregnation are reported to be effective in the preparation 

of PdFe NPs via co-impregnation or a two-step process[50,118]. With these techniques, it is possible to obtain 

bimetallic alloy or mix-oxide NPs with a size range of 1-13 nm. γ-Al2O3, SiO2, activated carbon (AC), carbon 

nanotube (CN) and carbon-coated silica can be used as support. Pino et al. reported the synthesis of PdFe/γ-

Al2O3 and PdFe/SiO2 by co-impregnation[50,118]. Aqueous solution of Pd(NO3)2 and Fe(NO3)3 was used to 

impregnate the commercial support. Low surface area γ-Al2O3 (90 m2 g-1) and SiO2 (130 m2 g-1) were used as 

support. The obtained catalytic materials were dried, calcined at 500 °C in air and finally pre-reduced at 250 

°C in hydrogen. The XRD pattern showed the peaks associated to SiO2 along with two new peaks at around 

41.2° and 47.2°, which can be ascribed to the formation of a Pd-Fe alloy. When Fe atoms are incorporated in 

the fcc structure of the Pd, in fact, they cause a positive shift of the diffraction angle[79,81] and the low 

intensity indicated a good dispersion of Pd-Fe NPs. On the other hand, no peaks of Pd or Pd-Fe alloy were 

visible in the alumina-based catalyst. The absence of alloy was also confirmed by TEM-EDX and XPS analyses, 

where no shift in biding energy of Pd 3d species was observed. Therefore, no evidences about the interaction 

between iron and palladium was found for the PdFe/γ-Al2O3 catalyst. On the contrary, the PdFe/SiO2 catalyst 

showed a clear shift of 0.4 eV towards higher binding energies of the Pd 3d peak, indicating that the formation 

of Pd-Fe alloys is favorable on the SiO2 support but much less so on γ-Al2O3. The shift at higher binding 

energies of the Pd 3d peak led to the conclusion that Pd-Fe NPs are in the form of alloy, although the 

fundamental cause of this behavior is a matter of debate. Some authors stated that the binding energy shift 

is due to the electron transfer from Pd to Fe, which would be the opposite if we considered the 

electronegativity of the two metals (Pd=2.2 and Fe=1.83)[118]. Felicissimo et al., on the other hand, proposed 

that the shift is due to the simultaneous contribution of both electron transfer and orbital 

rehybridization[119]. This hypothesis was confirmed by Pino et. al by DFT calculation, which clearly showed 

that alloying Pd with Fe led to a core-level shift of Pd 3d. TEM images showed homogeneous metal NPs 

distribution for both samples, with an average particle size of 2.5 nm and 4.1 nm for the alumina- and silica-

based catalysts respectively. The materials were used in the furfural hydrogenation reaction. The change of 

the support affected the formation of Pd-Fe alloy and consequently the selectivity toward 2-methylfuran. 

When using γ-Al2O3 as a support, the selectivity greatly shifted from 2-methylfuran to furan, showing a 

behavior that was much more like a monometallic Pd/SiO2 used as comparison than the bimetallic Pd-

Fe/SiO2. These results suggest that the intrinsic properties of support have significant influence on the 

catalytic performance of Pd-Fe catalysts, with the contrasting behavior of the two supports explained in 

terms of a segregation of the metals induced by a higher interaction with the support in the case of alumina 

that does not occur on silica. In addition, DFT calculations showed that furfural, furfuryl alcohol, furan and 

methylfuran favorably adsorb via the furanic ring on Pd(111) surface, while the addition of Fe clearly weakens 

these adsorption energies. The stronger binding of the carbonyl group (strongly bound to the oxophilic Fe) 

and -OH group on Pd-Fe alloy surface promotes the furfural hydrogenation and furfuryl alcohol 

hydrogenolysis towards 2-methylfuran. 

Similarly, Dimas-Rivera et al. prepared bimetallic PdFe NPs supported on high surface area γ-Al2O3 (244 m2 g-

1), along with the monometallic Pd catalyst[50]. The materials were in this case calcined at 620 °C in air and 

pre-reduction in H2 flow at 450 °C. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) 

of the PdFe/γ-Al2O3 revealed a maximum exothermic peak at 517 °C and another endothermic peak at 916 

°C; these thermal events were related to the formation of PdO and PdO decomposition to Pd0 respectively 



[120,121]. The TPR profile showed two peaks for both monometallic and bimetallic catalysts: an intense 

signal at 220 °C and a broader peak at 370 °C. The peaks were assigned to the reduction of PdO particles 

weakly and strongly interacting with the support. In the bimetallic catalyst, both peaks were shifted at lower 

temperatures (200 and 360 °C respectively) as a result of co-reduction of Pd and Fe species due to their 

intimate contact. This suggested the presence of alloyed NPs. As found for Pd/FeOx catalysts, Pd can reduce 

Fe3+ to Fe2+ without the presence of a reducing atmosphere. The synthesized PdFe bimetallic NPs were 

characterized by HRTEM (Figure 8) and a calculation of the interplanar distances (IDs) was performed. The 

evaluation led to measure four different IDs related to the presence of O4Pd3.5 crystalline phase (zone A), 

Pd3Fe alloy (zone B), magnetite and maghemite iron oxides (zone C), and crystalline Pd0 (zone D). The 

catalysts were used in the ring-opening hydrogenolysis of 4-methylfuran to alcohols. The bimetallic PdFe/γ-

Al2O3 presented the highest conversion, with an activity 6 times higher than the monometallic counterpart 

and a production of a mixture of 1-pentanol, 2-pentanol and 1-butanol. The authors ascribed this greater 

activity to the enhanced hydrogenation efficiency of the surface FePd3 species. 

 

 

Figure 8. HRTEM image over a group of NPs of PdFe/ γ-Al2O3. Reproduced from ref [50]. © 2017 Elsevier 

B.V. 

Another method to obtain PdFe/γ-Al2O3 is a two steps impregnation synthesis where the loading of the two 

metals is performed sequentially. Stytsenko et al. prepared PdFe/γ-Al2O3 with different Pd:Fe molar ratios 

for the selective hydrogenation of acetylene[122]. Palladium chloride was dissolved in an ammonia solution 

and the commercial support was added. The solvent was then removed by vacuum distillation and the 

catalyst was dried and reduced in hydrogen flow for 1 h at either 250 or 500 °C. Then, Pd/γ-Al2O3 was added 

in a solution of ferrocene and n-hexane and left overnight at room temperature. Finally, the catalyst was 

dried and reduced at the previous conditions. DRIFT analysis was performed using CO as probe molecule. The 

high-temperature reduced catalysts prepared with the highest amount of Pd and Fe showed characteristic 

adsorption peaks at 1990-2160 cm-1. The bands at 2127 cm-1 and 2102-2084 cm-1 were attributed to the linear 

Pd2+-CO and Pd0-CO, respectively, whereas the presence of intense bands at 1991-1985 cm-1 suggested the 

presence of large Pd0 NPs. The band at 2150-2153 cm-1 was instead attributed to the presence of Fe2+ species. 

On the contrary, the catalysts reduced at 250 °C did not show any characteristic bands suggesting that the 

metals or the unsaturated cations are not accessible to the CO. TEM confirmed the large particle size (10 nm) 

and EDX analysis revealed that the catalyst surface is simultaneously enriched with Pd and Fe. From a catalytic 

point of view, both mono- and bimetallic catalysts were comparable in activity, but the PdFe/Al2O3 catalyst 

proved to be more selective towards ethylene. The author ascribed this effect to the modification of the Pd 

surface with iron, which changed the character of the interaction of H2 with the active sites of the catalyst. 



A two-step impregnation method was applied also by Shesterkina et al.[57] and Cheng and co-workers[51]. 

The former synthesized PdFe/SiO2 using high (HS) and low (LS) surface area SiO2, while the latter produced 

PdFe NPs loaded on carbon coated SiO2 (PdFe/SiO2@C). PdFe/SiO2 were synthesized by incipient wetness 

impregnation (IWI) starting from tetraamminepalladium(II) and ammonium iron(III) oxalate and using 

commercial SiO2 with a surface area of 300 m2 g-1 (HS) and 30 m2 g-1 (LS). After the impregnation the samples 

were dried and, in some cases, calcined at 250-400 °C in air. The dried only or calcined samples were then 

reduced for 3 h at 400 °C in hydrogen flow. The phase composition was determined by XRD (Figure 9). The 

prepared samples showed different crystalline phases depending on the surface area of the support and the 

temperature used during the heat treatments. Pd0, α-Fe2O3 and Fe3O4 phases were detected after the 

calcination at about 250 °C and the Pd0 crystallite size was 10 nm and 20 nm for PdFe/SiO2
HS and PdFe/SiO2

LS, 

respectively. Fe0 phase, on the other hand, appeared after the reduction. TPR analyses exhibited several 

overlapped peaks, which confirmed the presence of many phases. In particular, peaks below 350 °C (i.e. 

before reaching the temperature of the reduction of iron oxide) were detected indicating a strong interaction 

between Pd and Fe. Therefore, a Pd-Fe alloy phases was hypothesized. The authors found that the catalytic 

activity in phenylacetylene hydrogenation and the selectivity to styrene depended on the composition and 

thermal treatment conditions. In particular, the formation of the amorphous Pd–Fe alloy in the reduced 

sample caused a significant drop indrop in activity of the sample compared to the monometallic one. 

However, recrystallization caused by NPs sintering during annealing in argon at 550 °C significantly increased 

the activity and selectivity (93 %) of styrene formation, which is higher than that in the case of monometallic 

Pd catalyst (77 %). It is likely that an increase in the  selectivitythe selectivity of bimetallic PdFe catalysts 

reduced in hydrogen after calcination is associated with the reduction  of iron oxides and the formation of 

alloys. As a result, the obtained bimetallic PdFe/SiO2 catalyst was more effective than the monometallic 

Pd/SiO2. 

 

Figure 9. XRD patterns of the A) PdFe/SiO2
HS and B) PdFe/SiO2

LS catalysts after thermal treatment under 
different conditions. Adapted from ref [57] © 2016 Published by Elsevier España, S.L.U.  

As reported in the introduction, PdFe NPs can be loaded on oxides covered with a layer of carbon and silica. 

SiO2 allows oxygen diffusion while carbon provides protection against thermal sintering due to its high 

thermal and chemical stability. Cheng and co-workers coated SiO2 with a thin film of carbon created by 

impregnation ad calcination of furfuryl alcohol (SiO2@C)[51]. Then, Fe and Pd were loaded in different 

relative amounts by sequential IWI using acetone solutions of ferrous acetate and palladium acetate. After 

the drying, the impregnated support was reduced at 200 °C in hydrogen flow. EDS/HAADF-STEM revealed 

that the particles were enriched in Pd with a molar percentage higher than the calculated one. Therefore, 

they hypothesized that Fe was present within the particles and covered by Pd. Moreover, some Fe species 

formed segregated particles, although HRTEM and EDS images indicated that Pd and Fe were mainly in alloy 

form. CO chemisorption measurements showed that adsorbed CO was only detected on Pd surfaces and its 

dispersion decreased increasing the Fe amount. STEM images showed that monometallic Pd/SiO2@C had NPs 



in a 1-2 nm size range, while for bimetallic catalysts a wider range of NPs size was detected: while particle 

sizes between 1–2 nm dominated, both smaller particles down to 0.5 nm and larger particles up to 5.5–6 nm 

were also observed. Moreover, increasing the Fe content, the fraction of smaller and larger particle slightly 

increased. To confirm the presence of alloy phase, HRTEM, XRD, XPS, and TPD analyses were performed. 

HRTEM images showed lattice fringes of 0.213 nm and 0.202 nm which corresponded to Pd-Fe alloy and Fe 

phase, respectively. Unfortunately, XRD and XPS analyses did not give any useful information due to the very 

small size of Pd and Fe NPs and the low metal content. More effective results were obtained with H2-TPD 

analyses where a shift in the peak of hydrogen desorption at higher temperature was detected. No 

desorption peak was observed for the monometallic Fe catalyst. This indicated a strong interaction between 

Pd and adsorbed hydrogen when Fe was present. Bimetallic PdFe catalysts were found to have significantly 

increased TOFs for the condensed-phase hydrogenation of carbonyl, C=C and aromatics compared to 

monometallic Pd catalyst. The extent of the activity enhancement varied by the moiety being hydrogenated 

as well as the Pd-to-Fe molar ratio, with an optimal value being 45 mol% of Fe relative to Pd. The enhanced 

activity was ascribed to Pd modification by Fe, leading to formation of Pdδ−, as Fe was found to have no 

reactivity under the reaction conditions used. This was hypothesized due to the much greater increase in 

carbonyl hydrogenation activity than for C=C and aromatic hydrogenation, which is consistent with the 

formation of Pdδ− species. 

The impregnation method can be also used for the loading of Pd and Fe on carbon-based supports. Sun et al. 

used a two-steps sequential IWI for the synthesis of 2 wt% Pd–10 wt% Fe on carbon (2Pd10Fe/C) catalyst for 

the vapor-phase hydrodeoxygenation of guaiacol[55]. Firstly, iron precursor was impregnated on coconut 

shell activated carbon and calcined at 350 °C for 2 h in flowing Ar. The Pd precursor was then impregnated 

and a second calcination step was performed. Before characterization and catalytic test, the material was 

reduced in-situ in H2 flow at 450 °C for 2 h. XRD analysis clearly showed the peak of metallic Fe and its 

calculated crystallite size was 32 nm. No diffraction peaks corresponding to Pd or PdFe alloy phase were 

resolved. STEM-EDS analyses revealed the presence of small NPs which were present in a much higher 

number than larger ones. EDS showed also that either Fe-enriched Pd NPs and Pd-enriched Fe NPs were 

present. A more detailed single-spot EDS analyses clearly evidenced that the particles consisted of a Pd core 

and a FeOx shell, suggesting that Fe and Pd were in close contact. However, for small NPs (1-2 nm) the Fe 

segregation at the surface was probably due to air exposure during TEM sample preparation. TPR profile 

(Figure 10A) confirmed the presence of the PdFe alloy, since a H2 consumption peak between -15 °C and 100 

°C was observed. To further prove the presence of PdFe alloy, EXAFS spectrum (Figure 10B) was collected. 

The recorded spectrum significantly differed from that of monometallic Pd: a peak at 2.15 Å suggested the 

formation of PdFe alloy. Furthermore, a short Pd-Pd bond distance was calculated (2.726 Å) besides a Pd-Fe 

bond distance of 2.608 Å with a coordination number of 2.7. This clearly demonstrated the presence of 

alloyed Pd-Fe NPs. Furthermore, DFT calculations were used to better understand the interaction between 

Pd and Fe. Nilekar et al. reported that when Pd is used as atom impurity within a Fe host, a strong surface 

segregation is preferred. On the contrary, when Pd hosts Fe impurities a strong anti-segregation behavior 

was observed[123]. Therefore, Sun et al. hypothesized different scenarios and the results suggested that Pd 

atoms prefer to form a pure layer on Fe <110> surface rather than mixing with Fe (Figure 10C,D). These 

results agreed with STEM-EDS observations. Analogous calculations were performed using Pd as host and Fe 

as impurity. In this case, it was found that Fe atoms preferred to form a pure layer in the second layer of Pd 

<111> structure. From a catalytic point of view, the bimetallic PdFe catalyst was compared with other 

monometallic (Fe, Pd, Cu, Pt and Ru) carbon-supported catalysts. Phenol was found to be the major 

intermediate on all the metal-supported catalysts studied. Precious metal catalysts showed higher activity, 

although saturation of aromatic ring and C–C bond cleavage also took place, leading to the formation of 

cyclohexanone, cyclohexanol, and gaseous C1 products. Base metal catalysts, on the other hand, were found 

to be less active but they exhibited higher hydrodeoxygenation selectivity without ring opening and ring 

saturation with benzene, toluene, phenol, and cresol being the major products. The bimetallic PdFe/C 



catalyst, however, was found to exhibit a significantly enhanced hydrodeoxygenation activity with 83.2 % 

yield to benzene/toluene/TMB at 450 °C, which was ascribed to the modification of Fe by Pd. 

 

Figure 10. A) H2-TPR profiles of: (a) 5Pd/C, (b) 2Pd10Fe/C and (c) 10Fe/C. B) Magnitude of k2-weighted 

Fourier transform of Pd K-edge EXAFS data for the 2Pd10Fe/C (blue, open circles), fit (blue line) and Pd foil 

(red line). Structures of a C) Pd layer in the Fe (110) surface host, and D) Fe layer within the Pd (111) surface 

host. The bottom layer is fixed in its bulk position. The most stable configurations are highlighted by the 

green rectangle Adapted from ref [55] Copyright © 2013 Elsevier Inc. 

Similar catalyst was used also for the chemo selective hydrogenation of bioactive carbohydrates[124]. 

Protected O-aryl-β-D-glycopyranosides from protected glycosyl bromides were obtained through a biphasic 

reaction in alkaline media with very good yield and high β-selectivity. The use of the bimetallic PdFe catalyst 

in the reduction of carbonyl and nitro moieties of protected O-aryl-β-glycosides led to hydrolysis and 

hydrogenolysis of these aromatic groups. A comparison with Ni-based catalysts showed that even after long 

reaction times, poor yields were achieved with these latter catalysts. Gastrodin synthesis was achieved 

successfully after 3 simple reaction steps, with a 92 % yield after 24 h. 

Finally, Wang and co-workers prepared PdFe confined in the interface of carbon nanotubes (CNT) and N-

doped carbon (NC) by impregnation-reduction technique (Figure 11A)[125]. Co-impregnation of K2PdCl4 and 

FeCl3 on hydroxylated carbon nanotubes was performed under ultrasonication. Then, sodium borohydride 

was added to reduce the metal precursors forming CNT/PdFe. The obtained material was coated with a 

polydopamine layer (CNT/PdFe/PDA) which was transformed into NC due to carbonization at 600 °C. TEM 

images of the CNT/PdFe/CN catalyst (Figure 6B) showed a double-shell tubular structure where bimetallic 

PdFe NPs (6 nm) were confined between the two carbon layers. In addition, dark-field (DF)-STEM images and 

EDS analyses demonstrated a homogeneous element distribution (Figure 11C). The oxidation state of the 

elements was evaluated with XPS analyses. Pd 3d HR spectra showed the presence of only Pd0 (335.9 eV and 

341.2 eV) while the signal of Fe 2p (711.6 eV and 725.5 eV) was assigned to Fe3+ species. Moreover, recorded 

spectra of monometallic Pd and Fe demonstrated that Fe can reduce the 3d electron density of Pd at the 

Fermi’s level, which avoids the PdOx formation. Finally, a mesoporous support structure was revealed from 

N2 adsorption-desorption isotherms, and a pore size of 2 nm and 25 nm was found to belong to the outer NC 

and inner CNT diameters, respectively. The bimetallic catalyst exhibited a superior catalytic activity compared 

to corresponding monometallic counterparts towards nitroarene reduction, thus showing an enhanced 



synergetic effect for the dual-metal component. The authors reported TOF for 4-nitrophenol reduction higher 

than that of many noble-metal based catalysts reported within recent literature. In addition, owing to the 

particular configuration of the catalyst and strong MSI, the encapsulated dual-metal PdFe NPs showed only 

slight leaching after repeated catalytic tests, with minimal loss of activity after 7 reaction cycles. 

 

 

Figure 11. A) Scheme of the preparation, B) TEM analysis and C) STEM image with corresponding EDS 

elemental mapping of the CNT/PdFe/NC catalyst. Adapted from ref [125] Pd-Fe dual-metal NPs confined in 

the interface of carbon nanotubes/N-doped carbon for excellent catalytic performance. 

• Galvanic replacement 

Besides the impregnation technique, supported PdFe NPs can be prepared by spontaneous displacement. 

With this method, a metal can be replaced with another one considering the spontaneous reaction between 

the two metals which have different redox potential. The Fe atoms act as sacrificing component for the 

reduction of Pd2+ to Pd0, allowing the deposition of a layer of Pd on the Fe NPs. Liao et. al firstly immobilized 

iron sulphate on commercial activated carbon[126]. Then, the iron precursor was reduced with NaBH4 to Fe0. 

A solution of potassium tetrachloropalladate was then added dropwise allowing the displacement reaction. 

The catalyst was finally recovered, washed and dried. TEM images showed a highly dispersion of bimetallic 

NPs with an average size of 3.8 nm. XRD patterns revealed the presence of Pd <111>, <200>, and <220> at 

about 40.23°, 46.66° and 68.30°, respectively. The absence of any peak related to Fe suggested a core-shell 

structure with Pd layers that coated the Fe core; the core-shell structure was also confirmed by XPS analyses; 

the Pd:Fe relative amount obtained from the survey spectra was 3.92:1, thus there was a higher 

concentration of Pd on the particle surface despite the atomic ratio of Pd and Fe was 1:3.94 from ICP-AES 

analysis. Furthermore, Pd 3d region revealed the presence of both Pd2+ and Pd0. These finding corroborated 

the hypothesis of a pseudo core-shell structure. The catalyst was applied in the electrooxidation of formic 

acid, showing enhanced stability and activity up to 11 times higher compared to a reference monometallic 

Pd/C catalyst. 

Analogous protocol was used by Feng and co-workers who prepared PdFe/RGO (reduced graphene oxide) 

starting from graphene oxide[56]. Also in this case, a pseudo-core shell structure was obtained and the 

average size of PdFe NPs was 3.9 nm. Electrochemical studies showed that the optimized PdFe/RGO with a 

Pd:Fe molar ratio of 1:5 possessed excellent electrocatalytic activity and stability towards the formic acid 

oxidation. The doping of Fe increaseincreases the ratio of surface Pd atoms, leading to a high atom utilization 

efficiency, and modified the microscopic electron structure on the surface of NPs due to the bimetal 

synergistic effect. 



• Co-reduction 

PdFe/C catalyst can be also prepared by co-reduction[127]. Iron and palladium precursor were dissolved in a 

water/ethanol mixture and added to the functionalized carbon (NC). The dispersion was sonicated for 1 h 

and stirred for 24 h at room temperature. The solid was then recovered and reduced in a H2/N2 flow at 450 

°C for 2 h. XRD patterns revealed a fcc structure of Pd and the <111> peak of Pd in the PdFe/NC shifted to 

higher values compared to the same peak in the monometallic Pd/NC catalyst. The shift indicated that some 

PdFe alloys were created with Fe embedded into the Pd lattice. On the other hand, no peaks of Fe were 

detected indicating a completely amorphous structure. HAADF-STEM images showed a good dispersion of Fe 

with some aggregations of Pd (Figure 12A,B). Moreover, XPS analysis of Pd 3d regions confirmed the 

completely reduction of Pd2+ species to Pd0 and a shift to higher binding energy than monometallic Pd, 

confirming the formation of a Pd-Fe alloy (Figure 12C). The bimetallic PdFe/C catalyst exhibited good catalytic 

performance for the semihydrogenation of phenylacetylene to styrene, showing a conversion twofold higher 

than similar Pd-based bimetallic catalysts (PdNi/C and PdCo/C) after 30 min of reaction and comparable 

selectivity (> 95 %). The modification of Pd with Fe promoted the selectivity of the catalyst, especially when 

the Pd:Fe mass ratio was optimized (1:1). 

 

Figure 12. A) TEM images of PdFe/NC, B) HAADF-STEM and element mapping analysis of PdFe/NC, and 
C) high-resolution XPS spectra of Pd 3d Adapted from ref [127] © 2019 Wiley‐VCH Verlag GmbH & Co. 
KGaA, Weinheim. 

2.2 Pt-Fe systems 

Pt supported NPs are widely used for hydrogenation[128–130] and oxidation reactions[131,132]. However, 

when Pt NPs are used for CO oxidation reaction, the noble metal can be easily poisoned by CO due to its 

strong adsorption on the NPs[133]. The catalyst activity can be increased by adding a transition metal oxide 

(i.e. iron oxide), whose role is to provide lattice oxygen[134]. For these reasons, Pt-Fe systems are acquiring 

high scientific interest due to their good chemical stability[135], as well as large uniaxial magnetocrystalline 

anisotropy[136–138] and high saturation magnetization and coercivity[139,140]. The addition of Fe to Pt can 

modify the electronic structure of Pt, thus modifying the electron density and therefore the catalyst 

activity[141,142]. 

These characteristics make Pt-Fe materials suitable for many different applications such as biomedical 

imaging[143], advanced permanent magnets[143], and ultrahigh density magnetic recording[143]. Beyond 

these applications, Pt-Fe systems have been proven to have exceptional activity in both hydrogenation and 



oxidation reactions. The selective hydrogenation of carbonyl groups in α,β-unsaturated aldehydes, ketones 

or carboxylic acid is an important step in the synthesis of various fine chemicals. From an industrial point of 

view, the most important products are unsaturated alcohols and therefore the hydrogenation reaction must 

be selective towards the reduction of C=O[144,145]. Many researchers have been devoted to enhancing the 

selectivity of heterogeneous supported metal catalysts for these reactions. It was demonstrated that the use 

of reducible supports, cationic promoters and the effect of the metal particle size have a positive effect in 

hydrogenation reactions[135].  

Pt-Fe systems can be also used in oxidation reactions. Pt/FeOx catalysts are characterized by a strong metal 

support interaction which leads to an electron transfer from Pt to the iron oxide support[142,146]. These 

catalysts showed enhanced catalytic performance in glycerol oxidation to tartronic acid[147], preferential 

oxidation of CO[148], and formaldehyde oxidation[146]. 

Fe can also be used as modifier and the peculiarity of the bimetallic PtFe system is the facile phase 

transformation of bimetallic NPs from one crystallinity to another which led to atomic, structure 

reconstruction and electronic modification which modifies the physical and chemical properties[147]. It is 

largely established that the morphology and the catalytic properties of bimetallic materials can be finely 

tuned by controlling the atoms arrangements during the synthesis[149]. However, a good control in the 

synthesis of these materials via bottom up methods is seldom obtained due to the differences in the 

reduction kinetics of the metal precursors[150]. Recent works demonstrated that phase transformation of 

magneto crystals, via interdiffusion from fcc disordered morphology to an ordered fct structure, can occur in 

a simple one-pot annealing process[151,152]. Moreover, anisotropic transformation led to significant 

structure evolution of bimetallic nanocomposites. The mechanism that regulates phase transformations and 

its impact on the catalytic properties of these bimetallic systems are largely unexplored. The variation of 

cohesive properties, moment-stabilizing mechanism and chemical bonding is due to a continuous transition 

from itinerant to local-moment magnetism. This transition occurs due an interplay of scalar relativistic 

effects, electronegativity, covalent bonding, and charge transfer[153]. Ji et al. found that structural 

modification in the PtFe alloy from a fcc to fct structure results in higher durability of the materials under 

acidic conditions[154]. In the case of PtFe bimetallic systems the electronic properties of the two metals can 

be varied carefully changing the synthetic method. The use of a stabilizer often leads to electron density 

modification of the noble metal as well.  

Pt-Fe systems can be divided in Pt NPs supported on iron oxides and bimetallic PtFe NPs supported on 

carbonaceous materials or metal oxides. These catalysts can be prepared by the classical impregnation, 

precipitation, sol-immobilization, colloidal deposition, and solvothermal synthesis, or via metal vapour 

synthesis and strong electrostatic adsorption (SAD). 

2.2.1 Pt nanoparticles supported on FeOx 

Pt/FeOx catalysts are commonly prepared by impregnation, colloid deposition and solvothermal method. 

Most recent publications reported the synthesis of this material via co-precipitation, sol-immobilization, SAD, 

and redox reaction as well. 

• Impregnation 

Impregnation method allows the loading of Pt on pure iron oxides or mixed materials, such as iron oxide-

coated Al2O3 and multi-walled carbon nanotube (MWCN). Fan et al. reported the synthesis of Pt/Fe3O4-

MWCNTs by WI[155]. The Fe3O4/MWCNTs composite was synthesized by hydrothermal method by dispersing 

MWCNTs in a solution of FeCl3 and ethylene glycol. The mixture was sealed in an autoclave and heated at 

200 °C for 12 h. The final Pt/MWCNTs-Fe3O4 catalyst was then prepared impregnating the prepared support 

with an aqueous solution of H2PtCl4. The Pt precursor was later reduced with NaBH4 under vigorous stirring 

and the obtained catalysts was recovered, washed and dried. TEM images showed that Fe3O4 loaded on 



MWCNTs had an average particle size of about 200 nm but no Pt NPs were detected, despite EDS spectrum 

revealed the presence of Pt. Similarly, XRD analysis was able to detect Pt while crystal planes of cubic Fe3O4 

clearly appeared. FTIR spectra revealed the presence of interaction between Fe3O4 and MWCNTs due to a 

shift of the characteristic peaks of C-O stretching modes (1584-1649 cm-1) to higher wavenumbers. This 

catalyst was used for the solvent-free reduction of a variety of aromatic nitro compounds to their 

corresponding amines at 60 °C and a hydrogen pressure of 40 bar. The yield was > 99 % with all ofall the 

substrates tested, and the Pt/Fe3O4-MWCNTs catalyst proved to be quite stable and could be reused four 

times without significant deactivation. 

Kobayashi et al. synthesized Pt/Fe2O3-Al2O3 catalyst for isobutene dehydrogenation[142]. The support was 

prepared by co-precipitation method varying the amount of Fe, while Pt was loaded by wet impregnation 

using hexachloroplatinic acid as metal precursor. The catalysts were calcined at 500 °C for 3 h and reduced 

for 5 h at 500 °C in hydrogen flow before the reaction. The surface area was almost constant for low Fe 

loading, while decreased when Fe2O3 amount was higher than 12 %wt. From CO chemisorption analysis the 

authors observed that the amount of adsorbed CO drastically decreased with the addition of only 1 %wt 

Fe2O3. On the other hand, further Fe2O3 additions up to 7 %wt caused only a gradual decrease in CO 

adsorption. FTIR of adsorbed CO showed three characteristic peaks (Figure 13C): 1) CO species adsorbed on 

the edge, corner sites, or step of Pt (F1), 2) CO species adsorbed on the terrace of Pt<100> (F2), and 3) CO 

species adsorbed on the terrace of Pt<111>[156,157]. By adding Fe2O3 a red shift was observed, suggesting 

an increase of Pt electron density. XRD analyses (Figure 13A,D) were able to detect α-Al2O3 and α-Fe2O3 only 

in the sample with high iron oxide loadings. Reduced Pt/Fe2O3-Al2O3 catalyst with an iron oxide content > 34 

%wt showed clear diffraction peaks of Fe, while this signal was absent for lower content of Fe2O3. No Pt0 

peaks were observed due to the small particle size. The Fe amount influenced the electronic properties of 

the catalysts and as a consequence the activity towards isobutane dehydrogenation was affected as well. The 

addition of Fe2O3 increased the electron density of surface Pt atoms by the formation of PtFe NPs. This 

facilitated the hydride elimination and consequently enhanced the catalytic activity of the materials. The 

catalyst with a 7 %wt Fe2O3 showed the highest conversion rate and selectivity to isobutene. The authors 

reported lower deactivation phenomena in the catalysts containing Fe2O3 as well. 

 



Figure 13. A) XRD of Al2O3 and Fe2O3-Al2O3 mixed-oxide supports: (◌) γ-Al2O3, (●) α-Al2O3 (corundum), (◊): α-

Fe2O3 (hematite), B) XRD of Pt/Fe2O3-Al2O3 catalysts after H2 reduction at 500 °C for 1 h: (◌) γ-Al2O3, (●) α-

Al2O3, (□) Fe0, (▪) Fe3O4. Deconvolution of IR spectra of CO adsorbed onto Pt catalysts: (C) Pt/Al2O3, (D) 

Pt/Fe2O3-Al2O3 (7 wt%) Adapted from ref [142] Copyright © 2012 Elsevier B.V. 

Finally, Rachmady et al. studied the catalytic behavior of acetic acid hydrogenation over Pt NPs supported  

on different metal oxides, such as TiO2, SiO2, η-Al2O3, and Fe2O3 prepared by IWI[158]. The catalysts were 

reduced in-situ under H2 atmosphere prior chemisorption characterization and reaction. Pt crystallite size 

was measured by H2 chemisorption and it was in all the samples lower than 2.5 nm. The Pt size in the Pt/Fe2O3 

sample, however, could not be calculated due to the unusually low H2 uptake. From kinetic results, the 

authors found strong evidence that the reaction involved the participation of both metal and metal oxide 

support. In particular, the conversion of acetic acid takes place at sites on the oxide surface, with Pt that has 

the principal role to serve as a source of mobile activated hydrogen atoms. Among the metal oxides studied 

as support, TiO2 was the most active for acetic acid hydrogenation, with the sample reduced at high 

temperature (500 °C) having a TOF 7-8 times greater than the catalyst reduced at low temperature (200 °C) 

and more than 100-fold times higher than the other Pt catalysts; the Pt/TiO2 catalyst showed the highest 

selectivity to ethanol (up to 70 %) as well. The Pt/Fe2O3 catalyst was also active for the hydrogenation of 

acetic acid, andacid and displayed a particularly high selectivity towards acetaldehyde (up to 80 %), although 

it required a much higher temperature of operation than Pt/TiO2. 

• Colloidal method 

Pt NPs supported on iron oxide are often prepared by colloidal method. The use of a surfactant (i.e. protecting 

agent or stabilizer) helps to limit the growth and the aggregation of the NPs by forming a monolayer on the 

particle surface. The preparation of the colloid can be divided in two main steps: the first is the formation of 

the colloid and the second is the immobilization or deposition of the colloid on the support[159]. The colloidal 

methods can be divided in solvothermal process and sol-immobilization on the basis of the solvent, the 

temperature used for the synthesis and how the metal precursor is reduced. The solvothermal methods 

involves the use of a glycol or ethylene glycol (EG) solution in which the metal precursor is dissolved. The 

subsequent reduction process is activated increasing the temperature of the system above 90 °C. When 

polyols are used instead of EG the method is called polyol process. 

An et al.[160] synthesized Pt/Fe2O3 preparing a Pt colloid by heating a glycol solution of NaOH and H2PtCl6 at 

140 °C for 3 h. Fe(OH)3 was synthesized by precipitation method using iron nitrate and sodium carbonate as 

precipitating agent. The mixed solution of colloidal Pt and iron hydroxide was heated at 80 °C to allow the 

deposition process. Finally, the obtained catalyst was dried and calcined at 200-500 °C in O2/Ar flow to obtain 

the final Pt/Fe2O3 material. In the XRD pattern the characteristic peaks of α-Fe2O3 appeared, while no peaks 

associated to Pt were detected (Figure 14A). This suggested that Pt NPs were highly dispersed on Fe2O3 

support. Moreover, increasing the calcination temperature the crystallinity of the support increased, despite 

the diffraction peaks of the iron oxide in Pt/Fe2O3 were always weaker than those of the bare support. These 

results indicated that the addition of Pt NPs influenced the Fe2O3 crystallinity and that an interaction between 

Pt NPs and the support was present. This hypothesis was also confirmed by TG-DTA analysis where the 

loading of Pt NPs shifted the peak of the support phase transformation at higher temperature. TEM images 

showed that no particle aggregation occurred during the calcination step, even at high temperature (500 °C). 

The images showed highly dispersed Pt NPs with a mean size diameter of 1.9 nm. The study of the surface 

redox properties was performed by XPS analyses. Pt 4f region showed the presence of three different 

contributions related to Pt4+, Pt2+ and Pt0. The catalyst calcined at 300 °C presented only Pt2+ and Pt0 species 

with a higher fraction of Pt2+ than the sample calcined at 200 °C. This meant that Pt can be oxidized in higher 

valence states increasing the calcination temperature. Pt2+ and Pt4+ species were found at 72.1 eV and 74.5 

eV, respectively in the catalyst calcined at 400 °C. The main species detected was Pt2+, while Pt4+ peak 

appeared in the sample calcined at 500 °C. Therefore, increasing the calcination temperature, the amount of 



platinum oxide species increased. H2-TPR analyses (Figure 14B) displayed a strong and broad reduction peak 

at 600 °C which was attributed to the transformation of Fe3O4 to FeO[161]. The catalyst calcined at 200 °C 

exhibited a peak at 90 °C with a calculated hydrogen consumption much higher than the one required for the 

reduction of PtOx. This meant that a partial reduction of iron oxide occurred simultaneously with the 

reduction of PtOx and the low temperature indicated that Pt species were introduced in the lattice of iron 

oxide. Increasing the calcination temperature to 300 °C the peaks at 90 °C shifted to 105 °C and a new peak 

(270 °C) related to the reduction of bulk Fe2O3 appeared. For higher calcination temperatures the peaks 

intensity at low temperature decreased and a further peak associated to the reduction of Pt4+ species 

appeared. The presence of a suitable interaction between Pt NPs and iron oxide support proved to play a 

positive role in influencing the physicochemical property as well as the catalytic performance in the complete 

oxidation of formaldehyde. All the catalysts achieved full conversion at low temperature (lower than 60 °C). 

In particular, the samples calcined at 200 and 300 °C exhibited high catalytic activity and stability even at 

room temperature. 

 

Figure 14. A) XRD patterns of Pt/Fe2O3 catalysts calcined at different temperatures (a): 200 °C, (b): 300 °C, 

(c): 400 °C, and (d): 500 °C; B) H2-TPR profiles of 1%Pt/Fe2O3 calcined at different temperatures: (a) 200 °C; 

(b) 300 °C; (c) 400 °C; (d) 500 °C. Adapted from ref [160] Copyright © 2010 Elsevier B.V.  

In a later study, the same authors compared the Pt/Fe2O3 catalyst prepared by colloidal method (calcined at 

200 °C) with a similar materials prepared by wet impregnation and co-precipitation[146]. The catalyst 

prepared by impregnation used Fe2O3 support synthesized by precipitation method using iron nitrate and 

sodium carbonate as metal precursor and precipitating agent, respectively. The as synthesized support was 

then impregnated with a solution of H2PtCl6 and the excessive water was removed at 80 °C. The obtained 

catalyst was finally dried and calcined at 200 °C in a flow of oxygen and argon. The Pt/Fe2O3 catalyst 

synthesized by co-precipitation was prepared starting from chloroplatinic acid and iron nitrate as metal 

precursors, and sodium carbonate as precipitating agent. The obtained catalyst was then dried at 100 °C and 

calcined at 200 °C in a flow of O2/Ar. In both samples, XRD pattern showed the presence of α-Fe2O3 phase, 

while no peaks associated to Pt were found. This suggested that Pt NPs were highly dispersed on the surface 

of the support. Moreover, the low peaks intensity indicated the presence of an interaction between Pt NPs 

and iron oxide which also modified the crystallinity of FeOx. TEM images revealed that Pt NPs were 

homogeneously dispersed on the support and with an average particle size of 2.6 nm and 2.3 nm for the 

impregnated and co-precipitated catalysts respectively. TPR profiles were collected to study the oxidation 

states. For the catalyst prepared by impregnation two peaks at 140 °C and 260 °C were found, which were 

assigned to the reduction of Pt2+ and crystalline Fe2O3 + Pt4+, respectively. For the co-precipitated catalyst, 

the same peaks were shifted at 170 °C and 200 °C. No intermediate peaks were detected, indicating a low 

interaction between Pt and iron. From a catalytic point of view, the sample prepared by colloidal method 

exhibited higher catalytic activity in the oxidation of formaldehyde compared to the other catalysts. The 

preparation method, in fact, significantly influenced the structure of the support and the redox properties of 



the Pt/Fe2O3 catalyst, in particular through the presence of suitable interactions between the Pt particles and 

the support (Pt-O-Fe). Through these interactions, highly dispersed Pt could weaken the Fe-O bond located 

at the Pt/FeOx interface thus increasing the mobility of the active oxygen which is involved in the oxidation 

of formaldehyde. 

The colloidal procedure used by An et al. was further optimized varying the colloid concentration (from 1.0 

to 9.8 g L-1) and the solvent (EG and a mixture of EG/H2O 1:5 v/v)[162]. Even though the XRD patterns were 

similar to those reported in Figure 14A, different peaks intensities were observed changing the solvent and 

colloid concentration. It was demonstrated that these two parameters influenced the Pt NPs size. Pt mean 

diameter of 1.1 nm was observed for the lowest colloid concentration in pure EG (Figure 15A), while 

increasing the colloid concentration, the average particle diameter increased to 1.9 (Figure 15B). Moreover, 

when EG/H2O solution was used, larger NPs were obtained (2.7 nm) (Figure 15C). Despite no Pt was observed 

in XRD analyses, the changes in peaks intensity were attributed to the creation of different metal-support 

interactions with different strengths, thus resulting in a change of Fe2O3 crystallinity. Different Pt particle size 

affected the overall catalytic activity in the low-temperature oxidation of CO. The presence of suitable 

metal−support interactions in the Pt/Fe2O3 catalysts played a crucial role in adjusting the redox properties of 

the catalysts, thus being beneficial to the formation of neighboring Pt and Fe active sites for the activation of 

CO and O2, respectively. The Pt/Fe2O3 catalysts with stronger O2-activation abilities were found to be more 

efficient in the oxidation of CO at low temperature. 

 

Figure 15. TEM images of the three Pt/Fe2O3 catalysts synthesized with different colloid concentration and 

solvent: A) pure EG, low colloid concentration, B) pure EG, high colloid concentration, and C) EG/H2O 

mixture, high colloid concentration. Reproduced from ref [162] Copyright © 2013, American Chemical 

Society 

Fang et al. prepared Pt/γ-Fe2O3 using a protocol similar to those of An et al. previously reported[163]. The 

commercial support was added to the colloidal solution of Pt and the obtained powder was washed and dried 

for 3 days. Using this procedure Pt NPs with an average diameter of 2.2 nm were obtained. HR-XPS spectra 

of Pt 4f region revealed that the Pt binding energy was very close to that of bulk Pt. The small shift of this 

signal was attributed to the electron transfer from Pt NPs to the iron oxide. On the other hand, no binding 

energy shift of Fe 2p was observed. XRD patterns confirmed the crystal structure of γ-Fe2O3 but no peaks 

related to Pt were detected due to its low content. The catalyst was used for the hydrogenation of o-

chloronitrobenzene to o-chloroaniline under mild reaction conditions, reaching 99.9 % of yield. In addition, 

the authors found that increasing the drying temperature, the catalytic stability increased. 

Wang et al. reported the synthesis of Pt/γ-Fe2O3 starting from an EG colloidal solution of Pt nanoclusters and 

a sol of ferric hydroxide[164,165]. The mixture was heated in an autoclave for 3 days at 90 °C and a Pt/γ-

Fe3O4 magnetic precipitate was obtained. The final Pt/γ-Fe2O3 was obtained heating the precipitate at 90 °C. 

XRD analyses showed the presence of pure maghemite with a crystal size of about 15 nm. The composition 

was also confirmed with XPS and RAMAN spectroscopy. Pt NPs size measured with STEM gave a mean value 

of 2.5 nm and a homogeneous dispersion of Pt NPs was observed. The catalyst was used for 



bromonitrobenzene hydrogenation giving full conversion in less than 15 min. The selectivity to bromoaniline 

was > 99 %, showing that the Pt/γ-Fe2O3 could suppress the hydrodebromination pathway as well. 

A similar procedure was used by Neumann et al. increasing the temperature of the synthesis to 150 °C and 

varying the metal precursors[166]. This allowed preparing Pt NPs with different particle size from 1 to 4 nm. 

Briefly, commercial Fe3O4 support was added to Pt colloidal solutions and a complete deposition of Pt NPs 

on iron oxide was achieved. Before the reaction, the catalyst was either used as is or pre-treated in a 

reductive atmosphere. HR-XPS analyses of Fe 2p region were carried out after exposure to the reaction 

conditions (a mixture of O2 and CO) on the bare support before and after reductive pre-treatment. Both 

samples showed the presence of Fe3+, Fe2+ and Fe0 species at 711.5 eV, 710.1 eV and 707.7 eV, respectively, 

with the main difference being the relative amount of these species (64.2 %, 31.0 % and 4.8 % for the reduced 

sample versus 76 %, 23.3 % and 0.7 % for the untreated sample, respectively). TEM images confirmed the 

production of Pt NPs with a narrow size distribution and with the desired average particle size (from 1 to 4 

nm). The authors reported that both reduced and unreduced FeOx supports exhibited catalytic activity in the 

CO oxidation reaction, with a Mars van Krevelen mechanism between CO and lattice oxygen of the FeOx 

support. Supported Pt NPs on unreduced FeOx showed a strong metal-support interaction. For very small Pt 

NPs, it was found that CO adsorbed on Pt surface atoms and that the reaction took place at the periphery of 

Pt-FeOx, with lattice oxygen as the active species. Increasing particle surface, on the other hand, the 

Langmuir−Hinshelwood mechanism contribution between chemisorbed CO and O2 on the Pt surface 

increased. The catalyst reduction treatment caused partial encapsulation of the Pt NPs with the FeOx layer 

that negatively altered the catalytic properties. However, the authors suggested that the partial coverage of 

the Pt NPs with the support may have a positive effect on the stability of the NPs against sintering at higher 

reaction temperature. 

Lian et al. reported the synthesis of Pt/Fe3O4 by adsorption of Pt colloidal particles with an average size of 

1.3 nm[167]. Fe3O4 support was prepared by precipitation method from a solution of glycol, urea and iron 

chloride. From HRTEM images the inter-fringe distances of the Pt and Fe3O4 were measured (0.223 nm and 

0.252 nm, respectively). The XRD pattern confirmed the presence of Fe3O4 phase while no peaks of Pt were 

detected due to the low loading and the small particles size. The prepared catalyst was used for the 

solventless hydrogenation of chlorobenzene to chloroaniline, with a final yield > 99 % and no 

hydrodechlorination side-reactions. 

Chen et al. reported the synthesis of amorphous Fe2O3 nanosheets (A-Fe2O3) with Pt single atoms (SA) to 

enhance carbon monoxide oxidation[168]. Differently from all the previous cases, no sodium hydroxide was 

used during the synthesis. SA Pt on Fe2O3 were synthesized starting from an EG solution of platinum and iron 

acetylacetonate. This solution was then heated at 120 °C for 42 h in an autoclave. Pt single atoms with clusters 

(SC) and Pt sub-nanoparticles (SN) on amorphous Fe2O3 nanosheets were prepared following the method 

used for SA, but Pt precursor amount was increased to 0.075 and 0.12 mmol, respectively (Figure 16). All 

these catalysts were finally annealed in furnace at 300 °C for 30 min to transform the amorphous support to 

crystalline (C) Fe2O3. 

 



Figure 16. Schematic of the different Pt/Fe2O3 structures, different sizes were used to distinguish the 

elements Adapted from ref [168] © 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim  

TEM images of and Pt-SN/A-Fe2O3 displayed small particles on the nanosheets surface. Pt-SA/A-Fe2O3 showed 

a clean nanosheets surface, while Pt-SC/A-Fe2O3 exhibited a dust-like surface. HAADF-STEM and HRTEM 

revealed an average nanosheet thickness of about 3.1 nm. Moreover, HAADF-STEM allowed to identify heavy 

atoms as bright spots. The images clearly demonstrated the presence of single atoms, clusters (0.8-1.6 nm) 

and small NPs (2 nm) in the respective catalysts. The XPS spectra of Fe 2p region of the three catalysts 

exhibited two peaks of Fe 2p3/2 and Fe 2p1/2 at 711.3 eV and 724.7 eV, respectively. A small satellite peak was 

observed at 719.0 eV indicating the presence of Fe2O3. As expected, XRD pattern did not show any peaks, 

confirming the amorphous nature of the support. In Pt-SA/A-Fe2O3 and Pt-SC/A-Fe2O3 catalysts no Pt 

diffraction peaks were observed due to the small size of Pt. Instead, in Pt-SN/A-Fe2O3 catalyst the peaks of 

fcc Pt were clearly identified, indicating the presence of crystalline Pt NPs. SAED, HRTEM and HAADF-STEM 

(Figure 17) analyses were performed to validate the amorphous nature of Fe2O3. In all the cases no crystal 

lattice fringes were found. 

 

Figure 17. Magnified HAADF-STEM images of A) Pt-SA/A-Fe2O3, B) Pt-SC/A-Fe2O3, and C) Pt-SN/A-Fe2O3 

Adapted from ref [168] © 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 

EXAFS curve of Pt-SA/A-Fe2O3 indicated a Pt-O coordination that was assigned to a Pt atom coordinated with 

Fe2O3. This four-coordination structure was preferred by low-valent Pt complexes (or zerovalent Pt) and the 

close Pt-O bond distance respect to pure PtO2, suggesting a strong metal-support interaction[134,169]. Pt-Pt 

distance appeared when Pt loading increased indicating the formation of very small Pt clusters composed by 

irregular Pt atoms. The annealing of these three catalysts at 300 °C transformed the amorphous Fe2O3 in 

crystalline Fe2O3. XRD patterns recorded after the phase transformation clearly showed the Fe2O3 diffraction 

peaks, demonstrating the crystalline structure of the support (Figure 18A). This observation was further 

confirmed by HAADF-STEM images which clearly showed the crystal lattice fringes of Fe2O3 (Figure  18B, C 

and D). Despite the high temperature used during the heat treatment, no Pt agglomeration occurred during 

the annealing process. The atomically dispersed Pt SA on ultrathin amorphous Fe2O3 nanosheets showed 

great activity in the CO oxidation reaction due to its high specific surface area, full exposed atoms sites, and 

the synergistic effect between the atomically dispersed Pt single atoms and the amorphous Fe2O3 support. 

In addition, the authors reported superior activity of the Pt-SA/A-Fe2O3 compared to the other synthesized 

catalysts due to several reasons, such as: 1) the strong binding and stabilization of single Pt atoms coming 

from the strong metal-support interaction between the in situ locally synthesized Pt atoms and Fe2O3 

supports; 2) the weak CO adsorption on Pt and an enhanced O2 adsorption on nearby Fe2O3 due to the single-

atom configuration; 3) the active abundant sites to activate O provided by amorphous Fe2O3, which further 

facilitated the oxidation of adsorbed CO on the neighboring Pt or on the interface between Pt and Fe2O3. 



 

Figure 18. A) XRD pattern of annealed catalysts, and HAADF-STEM images of B) Pt-SA/A-Fe2O3, C) Pt-SC/A-

Fe2O3, and D) Pt-SN/A-Fe2O3 Adapted from ref [168] © 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim 

Liu et al. reported the synthesis of Pt/Fe2O3 using EG as solvent and polyvinylpyrrolidone (PVP) as 

stabilizer[170]. The EG metal precursor solution, PVP and the Fe2O3 dispersion were separately prepared and 

simultaneously injected drop-by-drop in a round bottom flask; the resulting suspension was heated at 100 

°C and maintained under stirring for 22 h. Finally, the catalyst was recovered, washed with ethanol and dried. 

SEM and TEM images showed the presence of flake-shape structures with a mean length of 50 nm belonging 

to cubic-phase Fe2O3. Well-dispersed Pt NPs with a size range of 3-6 nm were observed indicating a successful 

immobilization of Pt NPs on the iron oxide support. N2 adsorption-desorption analyses revealed a 

mesoporous structure of the support. Moreover, the BET surface area was calculated and Pt/Fe2O3 catalysts 

exhibited a higher surface area (45 m2 g-1) than the bare support (34 m2 g-1), while the pore size did not 

change after Pt loading. The oxidation state of the samples was investigated by XPS analysis. XPS spectrum 

of Fe 2p showed two characteristic peaks at 724.4 eV and 709.7 eV which were attributed to Fe 2p1/2 and Fe 

2p3/2, respectively. These two signals indicated the presence of Fe3+ species. Considering the Pt 4f HR 

spectrum, Pt 4f7/2 and Pt 4f5/2 peaks appeared at 73.1 eV and 76.3 eV, respectively. Both peaks were assigned 

to the presence of Pt0. Interestingly, the binding energy of Pt 4f in the Pt/Fe2O3 sample was higher than that 

of Pt standard, suggesting an electron transfer between Pt NPs and the iron oxide. The magnetically 

recoverable flake-like catalyst showed good catalytic performance in the hydrogenation of various 

nitrobenzenes (yield > 99 %) as well as in the hydrogenation of other functional groups (carbonyl bonds and 

C-C double and triple bonds). Excellent recycling durability was demonstrated using nitrobenzene and 

phenylacetylene as substrates, showing no loss of activity over 10 reaction runs. 

Differently from the above colloidal methods, Zhang et al. reported the synthesis of Pt/Fe2O3 micro-flower 

using hydrothermal method for the preparation of the support[171]. Therefore, an EG/H2O solution was used 

instead of pure EG. γ-Fe2O3 micro-flower support (Fe2O3-MF) was prepared by low-temperature 

hydrothermal synthesis using iron chloride and urea. The mixture composed by water, EG, urea, and iron 

chloride was heated at 180 °C for 15 h in an autoclave. EG-reduction method was employed for loading Pt 

NPs on the surface of Fe2O3-MF. For comparison, a Pt/Fe2O3 catalyst was synthesized using commercial iron 

oxide. BET surface area of bare support and Pt supported NPs was the same in both samples and meso and 

micro porosity was found. XRD pattern showed the peaks associated to γ-Fe2O3 and after the Pt loading no 

changes in the crystal structure of the support occurred. The morphology of Fe2O3-MF was analyzed by SEM. 



The images clearly showed a unique flower-like morphology with a nanosheet thickness of 52-62 nm. Pt NPs 

anchored on the flower-like support had a narrow particle size distribution (0.6-2.4 nm) with an average 

diameter of 1.5 nm. XPS analyses demonstrated that the oxidation state of Fe species was consistent to that 

of Fe2O3, while the deconvolution of Pt 4f region clearly indicated the presence of both Pt0 and Pt2+ with a 

Pt0/Pt2+ atomic ratio of 1. Besides, the calculated Pt/Fe ratio based on XPS and ICP analyses gave quite 

different results. In particular, Pt/Fe ratio evaluated with XPS (0.43) was one order of magnitude higher than 

the one calculated with ICP analysis (0.025). This meant that Pt NPs were mainly located on the surface of 

Fe2O3 MF. The large specific surface area and abundant macropores and mesopores of the MF support proved 

to be beneficial in the reduction of 4-nitrophenol to 4-amminophenol when compared to a conventional 

Pt/Fe2O3 catalyst of the same Pt loading, where full conversion of 4-NP is obtained within 12 min under 

ambient conditions. The catalytic activity of the Pt/Fe2O3-MF showed no apparent loss within 10 consecutive 

cycles, implying a very good stability. 

Hong et al. reported the synthesis of Pt/Fe2O3 nanocables using platinum acetylacetonate and 

oleylamine[172]. These two chemicals were mixed at room temperature and then heated at 120 °C for 20 

min in inert atmosphere. Then Fe(CO)5 was injected and the temperature was raised to 160 °C for 30 min. 

Finally, the obtained material was washed with ethanol and dispersed in hexane. The iron oxide nanowires 

showed a diameter of 2.8 nm and XPS analysis confirmed the iron oxide structure (Fe2O3). The material was 

used for the selective oxidation of olefins and alcohols to ketone or aldehyde, showing promising results 

compared to other similar Pt-iron oxide systems. 

Finally, Li et al. prepared PtFe supported on mesoporous zeolite beta (Pt/FemBETA) with a combination of 

ion exchange and colloidal method[173]. Fe addition into zeolite beta (mBETA) framework was performed 

by ion exchange. Different amount of iron nitrate was added to mBETA and the obtained Fe-mBETA material 

was calcined at 550 °C for 8 h. Then Pt nitrate aqueous solution was mixed with Fe-mBETA dispersed in 

ethylene glycol. The mixture was stirred at 40 °C for 6 h, recovered and dried for 1 day at 100 °C. XRD pattern 

showed the characteristic diffraction peaks of mBETA while no Pt and FeOx species were detected. 

Interestingly, increasing the Fe amount the diffraction peak intensity decreased, suggesting that some Fe ions 

entered in the zeolite framework. SEM images did not show any particles aggregation and Pt NPs size range 

was 2-5 nm (Figure 19 A-D). N2-adsorption isotherm confirmed the presence of mesoporous structure and 

the surface area was estimated in the range of 528-590 m2 g-1. XPS analyses (Figure 19E) revealed the 

presence of both Pt0 (67 %) and Pt2+ (33 %) at 71.3 eV and 72.4 eV, respectively. Fe 2p HR spectrum exhibited 

two Fe species: Fe 3+ at 714.4 eV and Fe2+ at 711.2 eV. The insertion of Fe atoms into the zeolite framework 

was also confirmed by HR spectra of O 1s. The peaks at 532.8 eV was assigned to the chemisorbed oxygen 

species that is related to the presence of oxygen vacancies (derived from the doping of Fe atoms). The 

interaction between Pt and FeOx was studied using TPR analysis, where a shift of the reduction peak of Fe3O4 

to lower temperature suggested a synergic effect. Among the different Pt/Fe ratio tested, the sample 

containing 9.3 % of Fe showed excellent catalytic activity and high water resistance in the CO oxidation 

reaction. Complete CO conversion was obtained at a reaction temperature as low as 78 °C, with unaltered 

performance over 100 h working hours in the presence of H2O. The authors ascribed the improved 

performance to the high surface area and pore volume of the zeolite beta, which favored the dispersion of 

active Fe and Pt species and the diffusion of reaction gas, as well as to the synergetic effect between Pt and 

Fe which greatly accelerates CO oxidation. 



 

Figure 19. A) Typical SEM images, B) the DFI image and C-D) TEM images of Fe(3)–mBeta. E) XPS spectra of 

Pt 4f, Fe 2p and O 1s of the sample Pt/Fe(3)–mBeta. Reproduced from ref [173] Published by The Royal 

Society of Chemistry 2019 

Among the colloidal methods, the sol-immobilization technique allows to obtain NPs with a narrow 

distribution and the size of NPs can be varied changing the amount of stabilizing agent, the temperature, the 

solvent and other experimental parameters[174]. In this case, the reduction of the metal precursor is 

performed using a strong reducing agent such as NaBH4, and therefore high temperatures can be avoided. 

Zhang et. al prepared a layered double hydroxides (LDHs) composed by Fe(II)-Fe(III) on which Pt NPs were 

subsequently immobilized[175]. The support was prepared mixing FeSO4∙7H2O and Fe2(SO4)3 in decarbonated 

deionized water. A NaOH solution was dropped until pH=7 and the suspension was stirred for 2 h in an ice 

bath. The precipitate was finally washed and dried under vacuum. Pt/Fe-Fe LDH NPs were prepared by sol-

immobilization using poly(N-vinyl-2-pyrrolidone) as stabilizer and NaBH4 as reducing agent. Firstly, the Pt 

precursor was dissolved in water and the stabilizing agent was added. Then a fresh solution of NaBH4 was 

added under vigorous stirring for 7 h to reduce the Pt precursor to metallic Pt. Afterwards, Fe-Fe LDH support 

was added, and the dispersion was stirred for 2 h. The obtained catalyst was finally recovered and dried. XRD 

patter showed typical characteristic planes of hydrotalcite-like phase. Moreover, two diffraction peaks at low 

angles (8.1° and 10.0°) were attributed to presence of interlayer sulfate anions. SEM images clearly 

demonstrated the formation of large and uniform LDH nanosheets with a thickness of about 20 nm. Their 

surface area calculated from N2 adsorption-desorption experiments was 72 m2 g-1. TEM and HRTEM images 

did not show any NPs aggregation and uniform dispersion of 3.4 nm Pt NPs was found. The evaluation of the 

lattice fringes from HRTEM images and HR XPS spectra of Pt 4f region confirmed the reduction of Pt precursor 

to Pt0 (Figure 20). The catalyst was applied in the selective hydrogenation of cinnamaldehyde to cinnamyl 

alcohol, showing higher selectivity (91 % at 90 % cinnamaldehyde conversion) compared to other Fe-

containing LDHs-supported Pt catalysts. In situ IR spectra of cinnamaldehyde adsorption showed that 

Pt/FeFe-LDH could more easily activate the carbonyl group in cinnamaldehyde and reduce the probability of 

coordination of the C=C bond to the active metal sites. In addition, the introduction of Fe2+ into the brucite-

like layers of LDHs could promote the interactions between Pt species and the LDH matrix, thus forming 

surface electron-rich Pt0 species; this induced the promoted activation of the carbonyl group in 

cinnamaldehyde. Finally, compared with other Fe-containing LDH supports, FeFe-LDH enabled Pt species to 

be more tightly immobilized on the surface due to a stronger Pt-LDH interaction, thus leading to a good 

reusability of the catalyst. 



 

Figure 20. A) TEM images of the Pt/Fe-Fe HDL and B) HRTEM of Pt/Fe-Fe HDL and Pt lattice fringe 

evaluation Adapted from ref [175] Copyright © 2018 American Chemical Society 

• Co-precipitation 

Pt/FeOx catalysts can also be prepared by the traditional co-precipitation process. The oxidation state of the 

iron support can be controlled and regulated by varying the type of precipitating agent and the calcination 

conditions. 

Wei et al. reported the synthesis of Pt/FeOx with a Pt NPs size of 1 nm[176]. Chloroplatinic acid and ferric 

nitrate were mixed with ammonia carbonate that was used as precipitating agent. The mixture was stirred 

for 3 h at 50 °C. After the recovery, the catalyst was calcined for 5 h at 400 °C. XRD pattern revealed that the 

support was only composed by Fe3O4 phase. No diffraction peaks of Pt were detected due to the small particle 

size. HAADF-STEM images showed the presence of very small Pt NPs (0.4 nm) homogeneously distributed on 

the iron oxide support. After the reduction, almost 100 % of Pt was found in the metallic state. The catalyst 

was used for the chemoselective hydrogenation of 3-nitrostyrene giving a conversion > 98 % with a selectivity 

of 66 %, although higher selectivity was obtained when the catalyst was doped with alkali metal cations such 

as Na+. 

• Other techniques 

Beside the most common synthetic methods, metal vapour synthesis, redox reaction and strong electrostatic 

adsorption (SEA) can be applied for the synthesis of Pt/FeOx catalysts. Evangelisti et al. reported the synthesis 

of Pt/γ-Fe2O3 using metal vapor synthesis[177]. Pt vapor was generated by heating a tungsten wire coated 

with Pt and then condensed with mesitylene at liquid nitrogen temperature. To stabilize the mesitylene 

solvated Pt solution at room temperature 1,3-divinyl-1,1,3,3-tetramethyldisiloxane was added. The stabilized 

Pt NPs solution was finally added to γ-Fe2O3, thus producing Pt/γ-Fe2O3 catalyst. TEM images showed a 

narrow size distribution with small Pt NPs (1.2 nm) well dispersed on the support surface. XPS HR spectra of 

the Pt 4f region was deconvoluted in two peaks at 71.40 eV and 72.66 eV, which were assigned to Pt0 and 

Pt(OH)2, respectively. Interestingly, the biding energy of metal Pt was positively shifted respect to literature 

reports (71.00 eV), indicating an electron transfer from Pt NPs to the iron oxide support. The quantitative 

analysis revealed that Pt0 amount was about 85 % of the total Pt. Furthermore, the HR spectrum of Fe 2p 

confirmed the oxidation state of iron, while O 1s spectrum suggested the presence of iron oxide (530.0 eV), 

OH groups bonded to Pt(OH)2 (532.0 eV), and OH groups adsorbed on the catalyst surface. Therefore, the 

prepared catalyst displayed an interaction between Fe2O3 and Pt NPs, resulting in an electron-deficient state 

of Pt. This catalyst showed better activity towards hydrogenation of halonitrobenzenes than a Pt/γ-Al2O3 

catalyst prepared with the same method, as well as selectivity higher than 98 % towards the corresponding 

haloaniline. The author ascribed the improved reactivity of the nitro group of the aromatic substrate to the 



electron-deficient state of the Pt NPs. In addition, the catalyst could be used for at least 5 times without 

appreciable decline of its catalytic efficiency or permanent modification of its chemical and electronic 

structure. 

Zhou et al. synthesized Pt/Fe3O4/reduced graphene oxide (rGO) catalysts using a two-step microwave-

assisted solvothermal method[178]. Firstly, Fe3O4/rGO material was prepared by adding rGO support to a 

solution of NaOH in diethylene glycol. Then anhydrous FeCl3 was added and the mixture was refluxed at 220 

°C for 30 min. The Pt NPs supported on Fe3O4/rGO were prepared by adding H2PtCl6 to Fe3O4/rGO material. 

This composite was dispersed in EG and put in a microwave reactor at 165 °C for 1.5 min. The final catalyst 

was washed and dried at 100 °C. The Fe3O4 and Pt NPs were hard to separate by TEM analysis, but from HR-

TEM images the lattice fringes of Pt<111> and Fe3O4<311> were observed. Pt and Fe3O4 NPs with an average 

diameter of 3.6 nm and 7.5 nm, respectively, were well dispersed on rGO support. XRD analysis confirmed 

the presence of Fe3O4 and Pt<111>. Moreover, the dispersion of Pt NPs was evaluated using different 

techniques. Firstly, the geometrical surface area was calculated considering a semi-spherical shape. The 

dispersion and the geometrical surface area were 11.2 % and 79 m2 g-1, respectively. The electrochemical 

active surface area (EAS) confirmed the better dispersion of Pt in the Pt/Fe3O4/rGO catalyst than in a Pt/rGO 

composite used for comparison. All these results were further verified by H2 chemisorption, where an active 

surface area of 86.2 m2 g-1 and 93.2 m2 g-1 was calculated for Pt/rGO and Pt/Fe3O4/rGO, respectively. To 

correlate the surface structure and the electronic effect, XPS analyses were performed (Figure 21). Pt 4f HR 

spectra displayed a doublet at 70.0 eV and 74.4 eV associated to metallic Pt, and other two peaks at 72.2 eV 

and 76.2 eV that corresponded to Pt2+. The binding energies of these peaks were higher (+0.2 eV) than the 

ones of Pt/rGO and an inverse behavior was found for Fe species (-0.1 eV). This suggested that iron oxide 

might obstruct the electron transfer from rGO to Pt. Therefore, the synergistic effect of FeOx and Pt was 

confirmed by XPS analyses. The as synthesized Pt/Fe3O4/rGO was tested in the selective oxidation of HMF 

along with the Pt/rGO as a comparison. The authors found that the activation of alcohol and aldehyde was 

enhanced at the interface of Pt/Fe3O4, which greatly improved the catalytic performance in the studied 

reaction. In addition, the catalyst could be easily magnetic recycled and reused without significant loss of 

activity after 5 reaction cycles. 

 

Figure 21. XPS spectra for Pt/rGO, Fe3O4/rGO and Pt/Fe3O4/rGO. Reproduced from ref [178] © 2018 

Elsevier B.V. 

Zhang et al. reported a flexible one-pot synthesis of Pt/Fe3O4 using a redox reaction which occurs from Pt(IV) 

and Fe(II)[179]. The reducible FeO(OH)δ+ can progressively attract negative PtCl4- ions via their mutual 



electrostatic interaction in alkaline medium. The nitrogen flow used during all the synthesis excludes the 

possibility that Fe2+ could be oxidized by O2 rather than by the Pt precursor. A solution of FeSO4 was added 

to an aqueous solution of NaOH under N2 flow. Then, H2PtCl4 solution was quickly added to the mixture under 

vigorous stirring. The dispersion was treated at 70 °C for 4 h and then recovered with a magnet and washed 

many times with ethanol and water. Finally, the catalyst was dried in a vacuum oven at 60 °C. The prepared 

catalysts were named Pt/Fe3O4(x), where “x” is the molar ratio between Fe and Pt. From XRD pattern Fe3O4 

phase was detected, as well as Pt <111> in Pt/Fe3O4(50) and Pt/Fe3O4(100) samples. O2–H2 pulse titration 

allowed the evaluation of Pt NPs dispersion and size. The catalysts with low loading of Pt showed poor 

dispersion of Pt due to inefficient H2 adsorption, and Pt NPs size was in the range of 2.1-6.8 nm. However, 

increasing the Pt content, the redox reaction can offer more Pt active site, thus increasing H2 adsorption. N2 

adsorption-desorption isotherm curves showed a IV type adsorption isotherm which denoted a mesoporous 

structure. TEM images showed that iron oxide NPs had a spherical shape with an average diameter of 80-100 

nm. EDS mapping displayed uniform Pt NPs distribution that became more uniform and regular increasing 

the Pt content. This suggested that Pt content influenced the NPs morphology. Furthermore, the interaction 

between Pt and iron oxide was studied using XPS analysis. Pt high resolution spectrum showed two peaks at 

71.3 eV and 74.6 eV, which were assigned to Pt 4f7/2 and 4f5/2, respectively. Both Pt2+ and Pt0 species were 

found after the deconvolution. The catalysts were used for the chemoselective hydrogenation of 

cinnamaldehyde. The authors found that the inherent variable electron transfer of Fe3O4 drove electrons to 

metallic Pt nanocrystallites, which promote the adsorption of cinnamaldehyde on the surface of Pt metal via 

terminal C=O group, showing prominent catalytic activity and high selectivity to cinnamyl alcohol under mild 

reaction conditions. In particular, the catalyst with a Fe:Pt molar ratio of 100 was found to be the most active 

among the materials tested; the same catalyst could also be used for 5 cycles with only a slight activity loss.  

Finally, Navas-Cardenas synthesized Pt/FeOx/TiO2 catalyst using strong electrostatic adsorption method 

(SAD)[148]. This catalyst was used for the preferential oxidation of CO. The SAD synthesis allowed the 

preparation of well dispersed Pt NPs on carbon or metal oxide taking advantage of the surface charge that 

can be generated on the support varying the pH. Therefore, point of zero charge (PZC) analysis were 

employed to determine the optimal conditions for the adsorption of Pt precursor on the catalyst surface. 

FeOx/TiO2 was prepared by incipient wetness impregnation using commercial TiO2 (P25) and iron nitrate. 

Then, H2PtCl6 was dissolved in nitric acid solution and it was added to FeOx/TiO2 support. The solid was then 

recovered and calcined at 200-300 °C and further reduced in-situ with H2 for 1 h at 100 °C. The support 

exhibited a surface area of 45 m2 g-1 with a PZC of 5.4. The Pt adsorption capacity was evaluated and 

Pt/FeOx/TiO2 showed a maximum adsorption at pH lower than the PZC of the support. Moreover, the 

FeOx/TiO2 support was able to adsorb a higher amount of Pt than the bare TiO2 due the presence of higher 

concentration of hydroxyl groups. The highest Pt adsorption density was reached at pH 3 and 4 for TiO2 and 

FeOx/TiO2, respectively (Figure 22A). In these acidic conditions the surface of the support was protonated, 

allowing the electrostatic adsorption of Pt anionic species onto its surface. The H2-TPR profile showed an 

interaction between Pt NPs and iron oxide. In fact, two reduction peaks at 280 °C and 440 °C were assigned 

to the reduction of Fe3+ to Fe2+ and of Fe2+ to Fe0, respectively. The lower temperature of this sample in 

comparison to those of FeOx/TiO2 suggested that Pt was able to promote the reduction of FeOx and TiO2 by 

hydrogen spillover[180]. Furthermore, a reduction peak at low temperature (ca. 100 °C) was assigned to Pt-

O-Fe species, which suggested a preferential deposition of Pt on the FeOx surface. The superficial oxidation 

state was studied by XPS analyses (Figure 22C), revealing the presence of Fe2+, Feδ+, Fe3+, and Pt-FeOx moieties 

at 704.9 eV, 711.1 eV, 713.1 eV, and 715.5 eV, respectively. The HR spectra of Pt 4f region showed the 

presence of Pt0, Pt2+ and Pt4+ at binding energies of 71.0 eV, 72.5 eV and 74.3 eV, respectively. These binding 

energies were shifted to higher values than those of Pt/TiO2, confirming the intimate contact of Pt NPs with 

FeOx species. TEM images of Pt/FeOx/TiO2 catalysts calcined at 200 °C and 300 °C exhibited a good Pt 

dispersion with an average NPs size of 1.7 nm and 1.2 nm, respectively (Figure 22B). The catalyst was 

compared with monometallic Pt/TiO2 and Pt/CoOx/TiO2 in the preferential oxidation of CO to CO2, showing 



higher conversion at lower reaction temperature (50 % conversion at 100 °C, compared to 10 % and 20 % 

respectively) with 60 % of the product being CO2. Similar performance required higher reaction temperature 

for the Co-based catalyst (> 150 °C). 

 

Figure 22. A) Pt adsorption capacity measurements at different pH. B) TEM images of Pt/FeOx/TiO2 calcined 

at a) 200 °C and b) 300 °C. C) XPS HR-spectra of Fe 2p region. Adapted from ref [148] © 2019 Elsevier B.V. 

 

2.2.2  PtFe and PtFeOx nanoparticles supported on metal oxides and carbonaceous materials 

• Impregnation 

Impregnation method is widely used for the synthesis of PtFe supported NPs and sometimes ultrasound 

assisted impregnation is used to prepare catalysts with a high metal dispersion. Saravanan et al., and Hu and 

co-workers prepared PtFe bimetallic NPs supported on commercial Al2O3 using impregnation 

technique[181,182]. Saravanan et al. prepared ordered intermetallic PtFe/γ-Al2O3 catalysts by wet 

impregnation from H2PtCl6 and iron(III) 2,4-pentanedoinate[181]. The powder was reduced at 800 °C for 8 h 

under H2 flow. Two different intermetallic Pt-Fe systems were synthesized: Pt3Fe and PtFe3. XRD profiles 

showed characteristic peaks of γ-Al2O3 and cubic ordered intermetallic Pt3Fe (or PtFe3), while no peaks 

associated to iron oxide or platinum oxide were detected. TEM images of Pt3Fe NPs of about 4 nm showed 

NPs with a semi-spherical shape and homogeneously dispersed on the support. HRTEM of the same NPs 

displayed atomic fringes corresponding to <200> plane of Pt3Fe. Analogous results were obtained for PtFe3 

NPs which exhibited slightly larger mean particle size (6 nm). Moreover, ICP-OES experiments confirmed the 

composition of the intermetallic Pt-Fe systems which was very close to the calculated value. Both catalysts 

were used for CO oxidation, where the intermetallic PtFe3 NPs showed higher activity compared to Pt3Fe (81 

% conversion at 75 °C, compared to 9 % at the same reaction temperature). Despite having the same Pt-mass 

loading, the higher activity of the PtFe3/Al2O3 was ascribed to a larger extent of <200> intermetallic surface 

plane and the presence of larger particles as well. On the other hand, both catalysts displayed similar activity 

when applied in the benzene oxidation reaction at different temperatures (from room temperature to 250 

°C). Catalyst reusability was demonstrated for both intermetallic structures, in terms of crystallographic 

structure and particle morphology. 



Hu et al. prepared PtFe/Al2O3 catalysts by impregnating Pt/Al2O3 prepared by atomic layer deposition[182]. 

Pt/Al2O3 was impregnated with iron nitrate at pH=3 and dried at 110 °C. Moreover, the sample was calcined 

at 500 °C for 2 h in air and reduced for 3 h at 400 °C in H2/Ar atmosphere. Different catalysts were prepared 

varying the amount of Fe from 0.5% to 5 %wt. TEM images showed a homogeneous distribution of PtFe NPs 

on the spherical support. The NPs possessed an average diameter of 2.9 nm with a size range within 1-7 nm. 

The lattice fringes measurement of 0.225 nm was assigned to Pt <111> plane. XRD analysis was also 

performed, but only peaks associated to Al2O3 were detected. The surface electronic properties were 

evaluated by XPS measurements. The HR spectrum of Pt 4d region showed the presence of Pt0 and Pt4+ 

species at 314.3 eV and 318.1 eV, respectively and the Pt0 amount was higher than that of Pt4+. The catalyst 

prepared with impregnation method exhibited lower activity in cinnamaldehyde hydrogenation than the 

same catalyst prepared by atomic layer deposition of Fe onto Pt/Al2O3. 

Pan et al. co-impregnated an Al2O3@SBA-15 support (15AS) with iron nitrate and H2PtCl6[141]. SBA-15 is an 

interesting mesoporous silica material having highly ordered nanopores and a large surface area, which is 

widely employed as catalyst support. The impregnated support was calcined for 3 h at 500 °C and reduced 

with H2 at the same operating conditions. The synthesized PtFe/15AS catalysts were prepared varying the 

amount of iron, thus the Fe/Pt molar ratio was changed in the range of 0.1-1. N2-adsorption measurements 

showed the characteristic IV type hysteresis, indicating that the mesoporous structure of SBA was maintained 

after the impregnation. Moreover, the surface area did not change increasing the amount of Fe (409-425 m2 

g-1). XRD patterns displayed the diffraction peak of Pt <111> at 39.8°, which was considerably suppressed by 

decreasing the Pt/Fe molar ratio. This meant that the addition of low amount of iron had a strong impact 

both on the dispersion of Pt NPs and their size. To further characterize the NPs size, HAADF-STEM electron 

microscopy was used (Figure 23A). The images showed that Fe atoms were well distributed on the support, 

while Pt NPs formed some aggregations. Nevertheless, the signal of Pt and Fe were overlapped, suggesting 

that Pt NPs are closely related to Fe entities. HRTEM images were also recorded and lattice fringe of Pt<111>  

was detected (Figure 23B). Moreover, to better study the electronic properties, DRIFT analyses were carried 

out. For all the catalysts, only one adsorption mode of CO was detected at about 2073-2081 cm-1 that 

indicated a lack in the electron density respect to the monometallic Pt catalysts. XPS spectroscopy was 

performed to evaluate the oxidation states of Pt and Fe species (Figure 23C). The dominant species was Ptδ+ 

that indicated an electron-deficient state of Pt NPs, possibly due to electron transfer from Pt atoms to FeOx 

species. Finally, TPR analyses were performed to confirm the interaction between Pt and Fe. Two main 

adsorption peaks were detected at 104 °C and 399 °C. These values were about 44 °C higher than those of 

monometallic Pt/15AS, thus confirming a strong and intimate Pt-FeOx interaction. The different PtFex/15AS 

catalysts were used for the selective hydrogenation of cinnamaldehyde, demonstrating good activity and 

selectivity to cinnamyl alcohol even under mild reaction conditions. In particular, the reaction rate of the 

PtFex/15AS catalysts varied with the Fe amount, and a volcano-like curve between the reaction rate and the 

Fe/Pt molar fraction was observed; maximum mass-specific rate was obtained with an Fe/Pt molar ratio of 

0.25, with a selectivity to COL of 77 %. According to the authors, the Pt species with positive charges are 

beneficial for the preferential adsorption and activation of terminal C=O groups, while FeOx species assisted 

the adsorption of the same functional group. 



 

Figure 23. A) HAADF-STEM with relative element mapping of PtFe0.25/15AS. B) HRTEM and lattice fringe 

evaluation of PtFe0.25/15AS. C) HR-XPS spectra of Pt 4d species of Pt/15As and PtFe0.25/15AS. Adapted from 

ref [141] © 2017 Elsevier Inc. 

Wang et al. used impregnation method for the preparation of PtFe/HPZSM-5[183]. The support was 

synthesized by partial desilication of zeolite ZSM-5. Pt and Fe were impregnated on the support using an 

ethanolic solution of ferric trichloride and chloroplatinic acid, giving a final Pt content of 5 wt% and a Fe:Pt 

molar ratio of 0.25. The catalyst was dried and then calcined at 400 °C for 4 h in static air and reduced for 2 

h at 400 °C with a hydrogen flow. XRD analysis of PtFe systems did not reveal any intense peak of Pt species, 

demonstrating that the addition of Fe helps the dispersion of Pt NPs. In fact, HRTEM images showed a good 

dispersion of Pt NPs with an average size of 3 nm. N2-adsorption isotherm displayed a typical behavior 

belonging to mesoporous structure. Moreover, FT-IR spectroscopy was performed to study the surface 

geometry using CO as probe molecule. Two linear CO bands were observed at 2089 cm-1 and 2062 cm-1 which 

were attributed to CO adsorbed on Pt<111> and Pt<110>, respectively[184]. Furthermore, the surface 

properties of PtFe/HPZSM-5 were studied by XPS analysis. The bimetallic catalyst showed a Pd0 amount (82.2 

%), which was higher than the monometallic catalyst (7.9 %). This suggested a strong interaction between Pt 

and Fe NPs as well as an electron transfer from Fe to Pt. Finally, TPR measurements confirmed that behavior 

since a much higher reduction temperature of PtFe catalysts was detected respect to the monometallic 

catalyst. The bimetallic catalyst showed excellent activity towards the selective hydrogenation of 

cinnamaldehyde to cinnamyl alcohol, with a selectivity of 87.6 % calculated at 97.9 % of cinnamaldehyde 

conversion. The authors ascribed the enhanced activity compared to a standard monometallic Pt/ZSM-5 

catalyst to Fe doping, which provided electron transfer from Fe species to Pt atoms, as well as to partial 

desilication of ZSM-5 which altered the surface geometry of Pt NPs. In addition, good stability was reported 

with no obvious loss in activity or selectivity after 9 recycles. 

PtFe bimetallic NPs can be also prepared using carbon as support. Chen et al. prepared PtFe/activated carbon 

(AC) by a two steps impregnation technique for the selective hydrogenation of p-chloronitrobenzene[185]. 

Firstly, iron nitrate solution was added to the support and stirred for 24 h. Then, H2PtCl6 was added dropwise 



to the mixture and the dispersion was stirred for an additional 24 h. Finally, the impregnated sample was 

reduced with an aqueous solution of NaBH4. The obtained catalyst was then dried and calcined in air flow. 

As reported in previous works, XRD analysis did not show any characteristic peaks of metallic Pt, while a peak 

at 44.4° was assigned to Fe<110> plane. TEM images revealed a well distribution of Pt and Fe NPs with an 

average diameter of 4.5 nm and a size distribution from 3 to 7 nm. Moreover, HR spectra of Fe 2p region 

revealed the presence of Fe3+, Fe8/3+ and Fe2+ which corresponded to Fe2O3, Fe2O4 and FeO, respectively. The 

HR spectra of Pt 4f region exhibited a higher binding energy than metallic Pt, indicating the electron transfer 

between Pt0 and Fe2O3 species formed on the surface of the NPs during the calcination step. The authors 

reported full conversion of p-chloronitrobenzene to the corresponding aniline, with the catalytic 

performance unaltered after 4 consecutive reactionreactions. 

Xu et al. prepared PtFe NPs supported on carbon black (CB) using co-impregnation method by adding iron 

nitrate and H2PtCl6 to the CB support[52]. The obtained catalyst was reduced in pure H2 for 2 h at 450 °C. 

Differently from other preparations, the reduced sample was added to dilute HNO3 at room temperature for 

a leaching treatment. After the leaching, the sample was either analyzed as is or calcined in air for 1 h at 

different temperatures. XRD pattern of the un-leached sample showed the characteristic peak of cubic fcc 

Pt<111> at 40.0°, which is higher than that of pure Pt (39.8°) indicating inward diffusion of Fe into the Pt 

lattice upon high temperature treatment in reductive atmosphere and therefore formation of a PtFe alloy. 

After leaching treatment and calcination, an inverse behavior was noticed, with partial Fe diffusion towards 

the outermost layer of the NPs. During the leaching step only iron was removed in a percentage in a 15-18 % 

range as confirmed by ICP analyses. TEM images confirmed the presence of fcc Pt lattice and the alloyed NPs 

were dominated by Pt. The particle size range was 1-3 nm and it slightly increased after leaching (1-4 nm). 

XPS analyses were also performed to study the surface composition. The leached PtFe/CB catalyst that did 

not undergo calcination showed the presence of a small peaks at 711.3 eV and one at 708.4 eV with higher 

intensity, corresponding to Fe2O3 and metallic Fe respectively; this indicated that the leaching step preserved 

and exposed the internal alloyed structure composed mainly of Fe0 species and Fe3+ in lesser extent. As 

expected, upon calcination at 250 °C no surface Fe0 species were detected. The authors observed low activity 

towards the complete CO oxidation reaction due to the presence of superficial Fe2O3 species formed after 

the calcination step. These fully oxidized species could however be reduced into reactive FeO species under 

preferential CO oxidation reaction conditions (excess of H2) showing increased activity (Figure 24). 

 

Figure 24. Schematic diagram of the active structures of leached PtFe NPs oxidized at 250 °C under complete 

CO oxidation (COOX) and preferential CO oxidation (CO‐PROX) reaction conditions. Adapted from ref [52] © 

2017 Elsevier Inc. 

Liu et al. prepared Pt-Fe NPs deposited on multi wall carbon nanotubes (MWNTs)[186]. The catalyst was 

prepared by co-impregnating iron nitrate and H2PtCl6 for 24 h and then dried at 400 °C for 4 h with H2. TPR 

profile showed a reduction peak at higher temperature than the monometallic Pt, suggesting an alloy phase 

which was further confirmed by HR-TEM analysis. The alloy phase was also confirmed by XPS analysis where 

a shift of Pt signal toward lower binding energy in comparison of monometallic catalyst was detected. 

Therefore, an electron transfer from iron to platinum was hypothesized. The catalyst was used for furfural 

hydrogenation giving full conversion and high yield (92 %) towards furfuryl alcohol, as well as good stability 

over 5 reaction cycles. 
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Shesterkina et al. prepared FePt/SiO2 catalyst for the hydrogenation of phenylacetylene[57]. The supported 

bimetallic PtFe/SiO2 was prepared by co-incipient wetness impregnation. Iron nitrate and H2PtCl4 aqueous 

solution was added to the support and then the sample was dried at 110 °C and calcined in air for 3 h at 300 

°C. Finally, the sample was reduced at 480 °C for 3 h in hydrogen flow. TEM images showed a good NPs 

distribution with an average size of 4-5 nm. The reducibility of the calcined samples was studied using TPR 

analysis. The bimetallic PtFe/SiO2 TPR profiles exhibited two peaks at 100 °C and 160 °C, which were 

associated to the reduction of Pt oxide to metallic Pt. These temperatures are lower than the respective peak 

of Pt reduction in monometallic Pt/SiO2. As already mentioned, the presence of iron oxide helps the reduction 

of Pt decreasing the reduction temperature. Moreover, other 3 peaks were observed at 230 °C, 360 °C, and 

510 °C which were assigned to the reduction of Fe2O3 to Fe3O4, of Fe3O4 to FeO, and FeO to Fe0, respectively. 

Furthermore, the metal oxidation state of the calcined sample was estimated using CO-DRIFTS spectroscopy. 

The band at 2351 cm-1 indicated the CO oxidation to CO2 on Fe3+ species, the peak at 2127 cm-1 was assigned 

to CO adsorbed on divalent iron cations (Fe2+-CO), while the band at 2097 cm-1 was attributed to linear Pt0-

CO bond[187]. In order to confirm these results, XPS spectroscopy was used and it proved the presence of 

both Fe and Pt on the support surface. Moreover, a core(Pt)-shell(Fe) structure was hypothesized for the 

reduced catalysts. The catalytic performance of the catalyst was compared with monometallic Pt/SiO2 and 

Fe/SiO2; highest phenylacetylene hydrogenation rate was obtained with the monometallic Pt catalyst, 

although selectivity towards styrene decreased drastically at high conversion (reaching selectivity < 10 % over 

90 % of conversion). On the other hand, the strong contact interaction between Pt and Fe and the charge 

transfer from Fe to Pt in the bimetallic particles led to high styrene selectivity (> 70 %) throughout the whole 

duration of the reaction. 

• Colloidal method 

PtFe systems can also be prepared by colloidal method. Colloidal method is a well-established synthetic 

technique for the production of colloidal NPs. Commonly, the colloidal solution can be prepared either at 

room temperature or at high temperatures (solvothermal/hydrothermal method). Therefore, the reduction 

process is often initialized by increasing the temperature above the atmospheric boiling point of the solvent 

(water, alcohol, glycols, polymers, polyamine…) at higher pressures. Cui et al. prepared PtFe/Al2O3 catalysts 

for the complete oxidation of formaldehyde[188]. The PtFe colloids were synthesized via a two-steps 

solvothermal synthesis. Firstly, a glycol solution of NaOH was added to a glycol solution of H2PtCl6 and heated 

at 140 °C. Then a FeCl2 glycol solution was added and Al2O3 was inserted when the colloidal solution reached 

80 °C. The solid was finally dried and calcined at 200 °C for 2 h. Different catalysts were prepared varying the 

Fe/Pt atomic ratio. XRD patterns of the catalysts showed the presence of the peaks associated to the support 

(γ-Al2O3) while no peaks related to Pt or Fe species appeared. This means that Fe and Pt species were highly 

dispersed on the support surface. HRTEM, HAADF-STEM and EDX mapping were performed to investigate 

the morphology of the NPs. Pt NPs were homogeneously dispersed on Al2O3 and the lattice fringes of Pt<111> 

(0.224 nm) and Al2O3<311> (0.239 nm) were detected. Pt NPs mean diameter was 2.2 nm and no evident 

agglomerations of Pt and iron oxide NPs were observed; EDX maps indicated the presence of finely dispersed 

iron oxide on the support. H2-O2 titration was performed to determine the Pt dispersion. The catalysts with 

low amount of iron displayed a Pt dispersion of 39 %, while increasing the amount of iron the dispersion 

decreased. The lower dispersion was attributed to an excess of FeOx species that are covering the Pt NPs. 

The oxidation state of Pt species was investigated by XPS spectroscopy. The HR spectra of Pt 4d region 

exhibited two peaks at 314.7 eV and 317.3 eV which were assigned to Pt0 and Pt2+ species, respectively. 

Interestingly, the Pt species were mainly in the metallic form due to the reduction of the metal precursor in 

the glycol solution at high temperature. The intensity of the recorded spectra gradually decreases increasing 

the amount of Fe, confirming that FeOx is covering the Pt NPs surfaces. On the contrary, the HR spectra of 

Fe 2p region showed an increase in the intensity increasing the amount of Fe. Only Fe3+ species were detected 

in a binding energy range of 709-713 eV. Interestingly, the Fe 2p binding energy of the catalysts prepared 

with the lowest amount of Fe shifted towards lower values. This behaviour was associated to the interaction 



between FeOx and Pt NPs which was established at Pt-FeOx interfaces. The H2-TPR profile confirmed this 

interaction since for the Pt-rich samples a peak at about 120 °C appeared. This peak was assigned to the 

reduction of Pt2+ to metallic Pt and to the reduction of FeOx in close contact with Pt. Increasing the Fe amount 

the peak shifted to 90 °C and its intensity increased. The author hypothesized that this behaviour was due to 

the formation of more easily reduced FeOx placed at the boundary of Pt. The relatively strong interactions 

between FeOx and Pt species were able to adjust the redox properties of the PtFe/Al2O3 catalyst. In particular, 

by selecting appropriate Fe/Pt molar ratios, highly active PtFe/Al2O3 catalyst (Fe/Pt molar ratio of 1:1) could 

be obtained, which achieved complete formaldehyde oxidation at ambient reaction conditions. The authors 

attributed the excellent catalytic property of this catalyst to the formation of more accessible active sites 

located at the boundaries between Pt NPs and FeOx species. 

Jin et al. reported the synthesis of PtFe/CeO2 catalysts by solvothermal method using dimethyl formamide 

(DMF) as solvent[147]. One-pot wet chemistry approach was applied to a DMF solution of Pt(acac)2 and 

Fe(acac)3 mixed with CeO2. The synthesis occurred at 200 °C and 10 bar of nitrogen varying the Fe/Pt atomic 

ratio. Moreover, the bimetallic samples were reduced with pure H2 at 400 °C and denoted as PtFex-a. TEM 

images of the not reduced samples evidenced an anisotropic growth of the bimetallic clusters. This behavior 

was explained hypothesizing an interference of Fe3+ species that influence the reduction kinetic via galvanic 

displacement. Therefore, highly disordered PtFe structures were synthesized after the solvothermal process. 

Interestingly, the annealed catalyst reduced at 400 °C exhibited an ordered layer-by-layer structure and the 

particle size of PtFe-a catalysts decreased. The authors hypothesized that the smaller particle size was due 

to a greater Ostwald ripening effect which occurred in the presence of H2[189]. EDS maps of fresh catalysts 

showed an important fraction of Fe species dispersed on PtFe surfaces. This denoted that core-shell 

structures were facilitated increasing the Fe/Pt atomic ratio (>1). On the contrary, TEM images of annealed 

samples displayed an ordered fct structure, confirming the change in the NPs crystalline structure. To reveal 

the possible interaction between Fe and Pt, XPS analyses were performed on monometallic Pt/CeO2 (used as 

reference) and on the reduced samples. A red shift of the Pt 4f species towards lower binding energy and a 

split orbital was observed. This behavior derived from the fct distortion due to strained Pt and Fe[190]. 

Furthermore, DFT calculation performed on disordered and ordered PtFe bimetallic samples confirmed that 

Pt-Fe interaction was crucial for the electronic configuration of the surface. Therefore, the authors 

demonstrated that thermal annealing led to significant phase transformation from disordered fcc to ordered 

fct structure of the bimetallic PtFe NPs. This phase transformation was induced by Pt and Fe interdiffusion 

phenomena. Despite changes in surface composition of the Pt and Fe elements were considered insignificant 

before and after annealing, the catalytic activity, selectivity and stability of the bimetallic PtFe/CeO2 catalysts 

were enhanced with the fct structure during aqueous-phase oxidation of glycerol to tartronic acid. The same 

PtFe/CeO2 catalyst was synthesized by Shi et al. and applied in the liquid-phase oxidation of ethylene 

glycol[191]. Also in this case, the bimetallic catalyst revealed an initial turnover frequency ca. 17 times higher 

than that observed on the monometallic Pt/CeO2 catalyst (19.1 s-1 versus 1.1 s-1 respectively), with 100 % 

conversion of ethylene glycol and 62 % glycolic acid selectivity obtained after 4 h of reaction. The alloyed 

PtFe structure, in particular, enables efficient electron transfer from Fe to Pt that favored dissociative O2 

adsorption on the catalyst surface and its participation in the ethylene glycol oxidation reaction. 

Miligal et al. firstly prepared Pt NPs using a colloidal method[53]. Tetradecyltrimethylammonium bromide 

(TTAB) was dissolved in water and K2PtCl4 was added. The solution was heated at 50 °C for 25 minutes to 

allow the complete solubilization of the TTAB. Then the metal precursor was reduced with NaBH4 and the 

dispersion was stirred for 1 day at 50 °C. The Pt NPs were then coated with mesoporous SiO2 (Pt@mSiO2) 

using tetraethyl orthosilicate (TEOS) as precursor. Furthermore, the surfactant (TTAB) was removed from the 

surface using concentrated HCl at 90 °C. Lastly, the final Pt-Fe@mSiO2 catalysts were prepared by 

solvothermal method using different Pt/Fe ratios. Fe(acac)3 was added to an acetone dispersion of Pt@mSiO2 

and then tetraethylene glycol was added. The solution was heated for 28 min at 170 °C and then 2 h at 200 

°C. Finally, the catalysts were calcined in air for 6 h at 550 °C and reduced for 6 h at 700 °C. The XRD pattern 



of the reduced PtFe@SiO2 catalysts showed the characteristic peaks of the Pt3Fe alloy at 23° ad 32°. The 

addition of small amounts of Fe contracted the fcc lattice due to the smaller atomic ratio of Fe than Pt. This 

was reflected in a shift towards higher angles of the peaks at about 40° and 47°. Increasing the amount of Fe 

the peak at 40° considerably shifted to higher angle due to the formation of ordered Pt3Fe alloy phase. TEM 

images of the reduced sample showed that the mesoporous SiO2 had an average thickness of 9.1 nm while 

the metallic core was about 15 nm. The mesoporosity of the SiO2 was confirmed by N2-physysorption and a 

BET surface area of 550-580 m2 g-1 was calculated. Furthermore, the surface properties of the catalysts were 

studied by XPS analyses. The Pt-rich catalysts (Pt5Fe1@mSiO2 and Pt5Fe2@mSiO2) showed an increase in the 

binding energy of Pt respect to the Pt@mSiO2 and the authors found that Pt was mainly in the metallic state. 

Moreover, Fe 2p HR spectra showed a peak related to Fe2O3 (710-710.6 eV) and its amount was higher for 

Pt5Fe2@mSiO2 catalyst than for PtFe1@mSiO2, indicating that when Fe is loaded in high amount, the iron in 

excess remains as iron oxide. The authors elucidated the role of Fe content on cinnamaldehyde 

hydrogenation as a model reaction over the Pt5Fe1@mSiO2 catalyst. The selectivity to cinnamyl alcohol during 

cinnamaldehyde hydrogenation was enhanced by adding Fe to the monometallic Pt catalyst. Vapor-phase 

hydrogenation of furfural selectively to furfuryl alcohol further confirmed the beneficial aspects of adding Fe 

to the Pt@mSiO2 NPs, with higher selectivity to furfuryl alcohol being observed with greater Fe content. 

Da Silva and co-workers synthesized a core-shell Pt/Fe3O4@SiO2 by oxidation of core-shell FePt@SiO2 

nanoflowers[60]. The PtFe NPs were prepared by polyol solvothermal synthesis using oleylamine and oleic 

acid as capping agents. Firstly, PtCl2, oleylamine and oleic acid were mixed and heated at 60 °C until complete 

dissolution. Then, Fe(acac)3 was added and the mixture was heated at 180 °C for 20 min. The temperature 

was further increased to 240 °C and kept constant for 20 min and then increased again at 300 °C for 1 h. The 

FePt NPs were coated with SiO2 by a microemulsion method (FePt@SiO2)[192,193]. The final catalyst was 

divided and calcined at different temperatures for 2 h and then reduced in H2 flow at 350 °C (Pt/Fe3O4@SiO2). 

TEM images showed that the PtFe NPs had a flower-like shape with an average size of 20-40 nm, while the 

silica thickness of the silica-coated FePt nanoflowers (FePt@SiO2) was about 5 nm. XRD pattern of the un-

calcined sample exhibited the peaks typical of the fcc FePt phase. The calcined samples instead displayed a 

shift towards lower angles and the higher the calcination temperature the higher the shift. Moreover, Fe3O4 

phase appeared at 35.6° in the sample calcined at the highest temperature (550 °C). This suggested that for 

high calcination temperatures the iron atoms migrated on the surface thus forming the iron oxide phase. The 

presence of Fe3O4 phase was also confirmed by HRTEM images where an interplanar distance of 0.25 nm was 

observed, corresponding to the fcc Fe3O4 phase (<311> plane). The silica layer covering the Pt/Fe3O4 layer 

proved to be effecting in avoiding large Pt sintering during the heat treatments. The catalyst was used in the 

preferential CO oxidation reaction, confirming the beneficial role of Fe3O4 in promoting the reaction; higher 

CO conversion was in fact obtained with the Pt/Fe3O4/SiO2 catalyst compared to the bimetallic FePt@SiO2. 

• Other techniques 

The PtFe based systems can be also prepared by galvanic displacement, modified adsorption technique, 

controlled surface reaction and via microemulsion.  

The controlled surface reaction (CSR) represents an alternative to the colloidal method, where the presence 

of capping molecules can sometimes reduce the activity of the catalyst. CSR can be used to selectively deposit 

a commercial organometallic complex on the surface of the support without using capping agent. Ro et al. 

synthesized PtFe/SiO2 catalyst with different Pt/Fe molar ratios and studied their performance in the CO 

oxidation reaction[194]. The catalysts were prepared using Schlenck line techniques and a glove box. Firstly, 

Pt/SiO2 was synthesized by IWI and the obtained material was reduced at 260 °C for 3 h under H2 flow. Pt/SiO2 

was then added to a pentane solution of (cyclohexadiene)iron tricarbonyl and the dispersion was stirred for 

2 h, followed by a drying and reduction step carried out at 300 °C. Finally, the catalyst was passivated or re-

reduced. Several CSR cycles were performed until reaching the target Fe loading. TEM images and EDS 

analyses revealed that the real Pt/Fe ratio was very close to the nominal one, but a divergence between EDS 



and ICP method values increased increasing the Fe amount. UV-Vis spectroscopy revealed the deposition of 

Fe, since the absorbance of the Fe solution decreased during the deposition. The selective deposition of Fe 

on Pt was studied using CO chemisorption. The analysis revealed that the amount CO uptake decreased when 

the Fe loading increased[195]. Moreover, XPS spectra were collected for the in-situ reduced catalyst and after 

its exposure to the reactant mixture. HR spectra of Pt 4f showed two peaks at 71.5 eV and 74.8 eV which 

were assigned to Pt 4f7/2 and Pt 4f5/2, respectively. Both peaks were related to presence of Pt0 species, which 

remained also in zero valent state during the reaction conditions. The HR spectra of Fe 2p exhibited three 

peaks related to Fe0, Fe2+ and Fe3+ at 706.9 eV, 710.2 eV and 711.7 eV, respectively. After reduction, the main 

contribution was assigned to the presence of metallic Fe. On the other hand, the Fe0 contribution became 

lower after exposing the catalyst to the reactant mixture; Fe can therefore be oxidized during the reaction. 

XANES and EXAFS spectra revealed that the iron species were mainly in the form of Fe3+ before the reduction 

step. After the reduction, Fe2+ and Fe0 appeared. The Fe-Pt coordination distance was 2.58 Å, related to the 

formation of a Fe-Pt alloy. The addition of Fe onto Pt/SiO2 increased the turnover frequency for CO oxidation 

at 40 °C by up to two orders of magnitude. The authors calculated the number of Pt and Pt-FeOx sites through 

experimental CO chemisorption data, and calculated their respective intrinsic activities; Pt-FeOx sites were 

found to be approximately 700 times more active than the Pt site. In addition, through kinetic analysis the 

authors established that the rate determining step was O2 adsorption on the metal surface for both mono- 

and bimetallic catalyst, while the surface of Pt was saturated with CO; the enhanced activity over PtFe/SiO2 

catalysts compared to Pt/SiO2 was therefore attributed to a decreased barrier for O2 activation over Pt-FeOx 

interfacial sites.  

Lou and co-workers synthesized PtFe/γ-Al2O3 by modified-adsorption method for the preferential CO 

oxidation in excess of H2[196]. Hexachloroplatinic acid and iron nitrate nonahydrate where dissolved in water 

and pumped into a commercial γ-Al2O3 dispersion. The mixture was left 2 h at room temperature. Then the 

synthesized catalyst was washed, dried, and calcined in air for 4 h at 300 °C. The catalyst was reduced at 300 

°C for 2 h in hydrogen before the reaction. TEM images of the reduced sample showed that Pt NPs of 1.8 nm  

average size were finely dispersed on the support. Moreover, HAADF-STEM images confirmed the absence 

of agglomerations and the presence of isolated Fe and Pt atoms. HR spectra of Fe 2p collected during XPS 

analysis on the reduced catalyst displayed only the peak of Fe2+, indicating that the reduction conditions were 

not enough to completely reduced iron species. The as synthesized PtFe/γ-Al2O3 catalyst, containing 0.43 and 

0.34 %wt of Pt and Fe respectively, exhibited high catalytic activity and selectivity in a 25-200 °C temperature 

range, as well as good stability in the reaction conditions used. In addition, the provided the highest specific 

rate for the preferential CO oxidation among all Pt-based catalysts tested. The authors ascribed the enhanced 

activity to Pt clusters decorated with isolated FeOx species, which efficiently enhanced O2 activation. 

Shi et al. prepared PtFeOx/SiO2 catalyst using galvanic displacement reaction which spontaneously occurs in 

a solution of Fe0 and Pt2+[197]. Firstly, Fe/SiO2 with different Fe loadings were prepared by deposition 

precipitation method with urea starting from commercial SiO2 (200 m2 g-1) and a solution of iron nitrate. The 

obtained samples were reduced at 700 °C. The reduced samples were then added to a solution of 

Pt(NH3)4(NO3)2 under bubbling Ar to protect the sample from air passivation. The obtained solid was washed 

and dried at 110 °C. HAADF-STEM images did not clearly show the presence of Pt NPs, although EDS mapping 

showed the presence of both Pt and Fe. In particular, the signals of Pt were closely associated with the Fe 

signals, revealing that the two metals were in close contact. Moreover, TPR profiles exhibited a peak at 250 

°C associated to the reduction of Pt and FeOx in close interaction with Pt. The peak at 80-160 °C was, on the 

other hand, attributed to the reduction of PtOx. Hydrogen consumption below 350 °C was quantified in order 

to calculate H/Pt ratios; these can give an indication on the presence and extent of interaction between Pt 

and Fe species. The authors found H/Pt ratios significantly larger than that for the same catalyst prepared by 

impregnation (16.2 versus 6.2, respectively) and larger than the theoretical H/Pt (2.0) assuming that all Pt 

was in the +2 oxidation state. The high H/Pt ratio for the catalyst prepared by galvanic displacement indicated 

that the preferential deposition of Pt on Fe/SiO2 generated far more intimate Pt–FeOx interactions than those 



in the reference catalyst from conventional impregnation preparation. The oxidation state of the surface was 

analyzed by XPS. HR spectra of Pt 4f region showed the presence of Ptδ+ and Pt2+ at 72.3 eV and 74.0 eV, 

respectively. Therefore, the galvanic displacement method allowed to form small Pt NPs on the surface of 

FeOx and a strong interaction between the two metals can be established. The catalyst showed high activity 

and selectivity in the hydrogenation of cinnamaldehyde, with 92 % selectivity towards cinnamyl alcohol at 41 

% conversion. The same catalyst prepared by impregnation showed only 63 % cinnamyl alcohol selectivity 

and 21 % conversion. 

Finally, PtFe/Al2O3 was prepared by Li et al. using microemulsion technique[198] which allowed synthesizing 

metal NPs with different size by regulating the size of the reversed micelles. The microemulsion was prepared 

using cetyltrimethylammonium bromide and n-butanol as surfactant and co-surfactant, respectively. An 

aqueous solution of H2PtCl6 and FeCl3 was added to the surfactant and co-surfactants mixture and 

cyclohexane was added as oil phase. Then N2H4 was added and the emulsion was stirred. The commercial 

support was finally added, and tetrahydrofuran was dripped to break the microemulsion. TEM and SAED 

images did not show any aggregations and a polycrystalline structure was detected. Both monometallic Fe 

and Pt NPs and bimetallic PtFe NPs were present on the catalyst surface. The close contact of Pt and Fe was 

confirmed by XPS analysis where a lower binding energy of Pt0 was observed in respect to the monometallic 

Pt/Al2O3. This indicated that Pt0 received electrons and therefore it is electron rich. In fact, HR spectra of Fe 

2p region exhibited a high amount of Fe3+ species (710 eV), underlining the donation of electrons to Pt. 

According to the authors, this electron transfer was responsible to the enhanced activity in the hydrogenation 

of m-chloronitrobenzene, as well as for the inhibition of the dechlorination pathway. 

 

5. Conclusions and Outlook 

Supported noble metal nanoparticles are well established active materials in many catalytic processes. Their 

scarce abundance on the Earth crust, along with the efforts by the governments of all the countries spread 

around the globe towards more sustainable and environmentally friendly processes, has driven scientists to 

find more viable and greener solutions in catalysis. In this regard, Fe-based catalysts are an emerging class of 

materials which can be potentially used in a wide range of hydrogenation and oxidation reactions. In 

particular, Fe has shown in the last few decades to be extremely versatile as a support for noble metal NPs 

(such as Pd and Pt) when present in one of its many oxidized formforms (commonly referred as FeOx). This 

is due to its unique physical-chemical properties that can be modulated by several parameters, such as the 

synthetic procedure, heat treatments or chemical attacks. In addition, due the different oxidation states that 

Fe can assume (Fe0, FeII, and FeIII) it is possible to modify the crystallinity as well as its allotropic form. In 

addition, the magnetic properties of some iron oxides (such as Fe3O4) make these materials very suitable for 

catalysis due to their simple recovery after use, which in turn leads to more economic reactions and 

environmentally sustainable processes. Another way to implement the use of Fe into active catalysts is by 

adding Fe to the active noble metal (Pd and Pt) in a similar molar amount in order to create bimetallic systems 

that are mainly composed of M-Fe or M-FeOx entities (where M is either Pd or Pt) present as small NPs and 

supported on a wide range of materials such as metal oxides or carbonaceous materials.  

In this review we presented both the simplest synthetic methods (impregnation, colloidal synthesis…) as well 

as the not so common routes to prepare bimetallic catalysts. Beside the description of the synthetic methods, 

we reported the physico-chemical characterization (XRD, TEM, BET, TPR, XAS, XANES, SEM…), emphasizing 

the role of iron in the considered catalyst. In all the described systems, iron plays a key role to enhance the 

activity or to stabilize the noble metal NPs, whether it is used mainly as a support or as a co-active element 

in bimetallic systems. 

One of the most important parameters in catalysis is the interaction between the active metal and the 

substrate. Most of the catalytic steps, in fact, happen at the interface between the active site on the catalyst 



surface and the functional group of the substrate. In order to optimize this interaction, the catalyst must 

have specific geometric and electronic properties which can be modulated in several ways, as previously 

mentioned, such as by modifying the synthetic procedure, adding heat treatments in oxidative or reductive 

atmosphere or by selective chemical leaching. In this regard, Fe proved to be fundamental in either modifying 

the electron transfer (from or to the active metal) or in creating anchoring sites for other species to adsorb 

and react. 

Recent studies highlighted that when Fe is used as a support, the Fe oxidation state plays a key role in 

determining the electron transfer between the active metal and the FeOx species; TPR and XPS analyses help 

obtaining information in this regard. In particular, a reduction peak in TPR analyses at temperatures between 

the reduction temperature of FeOx and M oxide appears when there is an interaction between M and FeOx, 

indicating that the presence of intimate contact helps the reduction of iron oxide species[57]. High resolution 

XPS analyses, on the other hand, highlight the presence and the direction of electron transfer. When the 

noble metal is supported onto high oxidation state Fe oxide (such as Fe2O3), an electron transfer from the 

electron rich M towards the electron deficient support is often detected (Figure 25A); as a result, the binding 

energy of the M shifts towards higher potentials[95,170,177]. On the contrary, when the noble metal is 

supported onto low oxidation state Fe oxide (such as Fe3O4), an electron transfer from the support towards 

M is detected (Figure 25B), which results in a decrease in the binding energy of M[175,179]. A similar behavior 

is observed when Fe is present as a co-active metal in alloyed MFe NPs; electron transfer from Fe towards M 

is often observed in XPS analyses (Figure 25C)[147,183,186]. In this latter case, however, the electronic 

properties of the material are always hard to effectively evaluate due to the tendency of zero valent Fe to 

easily oxidize when exposed to air. Another particular case is when M nanoparticles are anchored to the FeOx 

support through a ligand, such as a functionalized polymer; in this case, the electron transfer can be mediated 

by the strong interactions between the NPs and the ligand surface functionalities[92].  

The electronic and geometric effects induced by the presence of Fe species proved to be beneficial in a wide 

range of catalytic reactions, as synthetically  reported in Tables 1-X. In particular, Fe-based systems are often 

capable of enhancing not only the overall activity of the reaction, but also the selectivity towards specific 

products of interest. Catalyst stability is also frequently improved by formation of strong M-FeOx or M-Fe 

interactions that prevent noble metal leaching during reaction, a problem that oftentimes affects 

monometallic Pt and Pd catalysts[75,155]. 

In conclusion, Pd-Fe and Pt-Fe materials are proving to be very versatile systems where chemo-physical 

properties can be easily tuned simply by modifying the synthetic parameters. An accurate choice of the 

system is necessary and it strictly depends on the active phase required for a specific reaction. However, a 

lot of effort is still required to fully understand their behavior in specific situations. For example, a specific 

theoretical and experimental study about the influence of Fe/FeOx particle size and its oxidation state on the 

properties of noble metal NPs is still missing. Moreover, the mechanism on the basis of the different catalytic 

behaviors is not completely clear, therefore theoretical studies and characterizations aimed at the 

understanding of electronic modification will improve our knowledge about these unique catalysts. 

 

Figure 25. Electron transfer behavior in A) M/Fe2O3, B) M/Fe3O4 and C) MFe/Support systems 
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