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Fe3O4 nano-oxide was prepared by wet chemical procedure and it was modified with palladium. The catalysts were 
characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron micros-
copy (TEM), temperature programmed reduction (TPR) and diffuse reflectance infrared spectroscopy (DRIRS). 

The catalytic performance of Fe2O3 and Pd/ Fe2O3 was examined in the reaction of CO oxidation. Strong interac-
tion between palladium and the nano-sized oxide was established leading to the formation of finely divided PdO on 
the surface. Remarkable increase in the catalytic activity was found after Fe2O3 modification with Pd. This feature 
was explained with the ability of the iron oxide, located in the close proximity to palladium, to provide active oxygen 
species that can subsequently react with CO molecules adsorbed on adjacent Pd. The Langmuir–Hinshelwood reaction 
mechanism of CO oxidation was suggested to proceed up to 100 °C over Pd/Fe2O3 catalyst including both the linear 
and bridge-bonded CO.
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Introduction 

The iron oxide nano-particles are of consider-
able interest due to their wide range of applica-
tions in chemical industries, magnetic storage 
materials, medicine and environmental protection 
[1]. Considering numerous applications of the iron 
oxides in various emerging fields, remarkable ef-
forts on the synthesis of nano-dispersed particles 
are continuing. The biggest challenge in this field is 
to economically produce iron oxide nano particles 
of desired characteristics for specific application in 
large scale. There is a lot of progress in understand-
ing the basic science of the nano-iron oxides but 
the evaluation of their catalytic properties and in-
dustrial application needs much more attention [2]. 
The application of the nano-sized iron oxides can be 

attributed to the difference in properties of the parti-
cles in nano scale as compared to their bulk counter-
parts. The iron oxide materials have been found to 
be good candidates as cheap and efficient catalysts, 
especially in environmental processes [3, 4]. The 
magnetite and hematite are the most applied iron 
oxides as catalysts for oxidation/reduction and acid/
base reactions. The nano-particle iron oxide is sig-
nificantly more effective than conventional micron-
sized iron oxide for the oxidation of CO [5]. These 
effects could be derived from the high activity of the 
nano-particles that have high BET surface area and 
more coordination unsaturated sites on the surfaces. 
Chemical and electronic properties, such as phase 
changes, OH content, band gap changes etc., could 
also contribute to their high reactivity [4]. Fe2O3 
based nano-materials have been developed for the 
selective catalytic reduction (SCR) of NOx by NH3 
in diesel exhaust [6]. The catalytic activity of nano-
sized Pd/Fe2O3 and Au/Fe2O3 at low temperatures 
in a CO oxidation reaction has been investigated [7, 
8]. The activity of Pd/Au in the reaction of CO oxi-
dation depends of the active phases’ particle size, 
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morphology, and Pd (Au)–support interactions. On 
the other hand Pd supported catalysts are widely 
accepted as the most active catalysts for catalytic 
combustion of methane and the low temperature 
oxidation of CO [7]. 

The present work aimed development of highly 
active and stable catalysts for CO oxidation by ap-
propriate combination of Pd and iron nano-oxide 
with controlled size, shape and morphology. 

2. Experimental

2.1. Samples preparation 

The iron oxide was prepared according to the 
procedure described in [9]. Before Pd deposition 
the metal oxide was calcined 2 h at 450 °C in air. 
The as-prepared iron oxide was modified with Pd  
(~0.5% wt. Pd) by impregnation with aqueous so-
lution of Pd(NO3)2.2H2O. The quick evaporation of 
the solvent after the impregnation step was applied 
[10]. Thus the oxide particles were coated by a thin 
layer of Pd. The sample was calcined additionally 
for 2 h at 450 °C in air. 

2.2. Catalysts characterization

The XRD patterns were obtained on TUR M62 
apparatus, HZG-4 goniometer with Bregg-Brentano 
geometry, Co Kα radiation and Fe filter. XRD data 
processing was performed by using the X’Pert 
HighScore program. The HRTEM studies were car-
ried out using FEI Technai G2 20 (200 kV). The 
TEM samples were prepared by loading an ethanol 
suspension of the sample on a holey copper grid. 
The specific surface area of supported catalyst sam-
ples have been determined by low temperature ad-
sorption of nitrogen according to the B.E.T. method 
using Nova 1200 (Quantachrome) apparatus. The 
samples were degassed for 4–6 hours between 
70–150 °C prior to the measurement. Temperature-
programmed reduction (TPR) was carried out using 
a flow mixture of 10% H2 in Ar at 10 ml/min, tem-
perature rate of 10 °C/min up to 700 °C. Prior to the 
TPR experiment, the samples were treated in Ar for 
1 hour at 150 °C.

The Mössbauer spectra were obtained at room 
temperature with an electromechanical spectrometer 
(Wissenschaftliche Elektronik GMBN, Germany) 
working in a constant acceleration mode. A 57Co/Rh 
source (activity ≈ 50 mCi) and α-Fe standard were 
used. The experimentally obtained spectra were 
subjected to mathematical processing according to 
the least squares method. The parameters of hyper-
fine interaction such as isomer shift (IS), quadru-
pole splitting (QS) and magnetic hyperfine field 

(Hhf) as well as the line widths (FWHM) and the 
relative spectral area (G) of the partial components 
of the spectra were determined.

X-ray photoelectron measurements were carried 
out on the ESCALAB MkII (VG Scientific) electron 
spectrometer at a base pressure in the analysis cham-
ber of 5x10–10 mbar using twin anode MgKα/AlKα 
X-ray source with excitation energies of 1253.6 and 
1486.6 eV, respectively. The spectra were recorded 
at the total instrumental resolution (as it was meas-
ured with the FWHM of Ag3d5/2 photoelectron line) 
of 1.06 and 1.18 eV for MgKα and AlKα excitation 
sources, respectively. The energy scale was cali-
brated by normalizing the C1s line of adsorbed ad-
ventitious hydrocarbons to 285.0 eV. The process-
ing of the measured spectra includes a subtraction 
of X-ray satellites and Shirley-type background. 
The peak positions and areas were evaluated by a 
symmetrical Gaussian-Lorentzian curve fitting. The 
relative concentrations of the different chemical spe-
cies were determined based on normalization of the 
peak areas to their photoionization cross-sections, 
calculated by Scofield [11].

The adsorption of CO on Pd/Fe2O3 catalyst was 
studied by in situ diffuse reflectance infrared Fourier 
transform (DRIFT) spectroscopy, using a Nicolet 
6700 spectrometer equipped with a high tempera-
ture/vacuum chamber installed in the Collector II 
accessory (Thermo Spectra-Tech). The CO was ad-
sorbed from CO+N2 or CO+O2+N2 flow mixture at 
room temperature. Experiments were carried out on 
oxidized (“as-prepared”, pretreated in N2 for 1 h at 
350°) surface.

2.3. Catalytic activity measurements

The catalytic tests were carried out in a flow type 
glass reactor at atmospheric pressure with a catalyst 
loading of about 0.5 cm3 (fraction 0.25–0.31 mm). 
The gas mixture consisted of 1700 ppm CO, 2 vol.% 
O2 and He for balance to 100 vol.%. External mass 
transfer limitations were minimized by working at 
high GHSV (60 00 h–1). The reaction temperature 
was measured by an internal thermocouple. The gas 
analysis was performed by a HP5890 series II gas 
chromatograph equipped with a thermal conductiv-
ity detector and Carboxen-1000 column. Helium 
was used as a carrier gas.

3. Results and discussion

The powder X-ray diffraction studies of the oxide 
nanoparticles show the formation of a cubic phase 
for iron oxide (PDF 01-080-153 9) (Figs 1 and 2).

The size and morphology of the oxide nano-
particles were found out from the TEM images of 
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the oxide sample, the formation of particles of size 
elongated nanostructures of iron oxide with diam-
eter ~12 nm and length ~50 nm. This oxide material 
is characterized by high surface area of 97 m2/g.

According to the XRD data, the calcination in air 
leads to transformation of Fe3O4 to Fe2O3 and to an 
increase in the particles mean diameter about two 
times. The palladium deposition and following cal-
cination do not increase the particle size additionally 
(Table 1). Decrease in the specific surface area was 
observed for an iron oxide sample after treatment in 
air for 2 h at 450 °C. Palladium or palladium oxide 

cantly lower temperature. It is well known that ad-
dition of a noble metal to oxide catalysts accelerates 
the reduction of the oxides by supplying hydrogen 
via spillover from the pre-reduced noble metal parti-
cles to the oxides [13]. Three major reduction peaks 
are detected during the reduction of the Pd/Fe2O3 
sample. The peak located at lower temperature is 
attributed to the reduction of the metal oxide in con-
tact with the Pd metal particles, and the peak located 
at higher temperature is assigned to the reduction of 
the large oxide particles apart from the noble metal 
particles [14]. Since PdO can be reduced at very low 
temperature, it should be noted that a separate peak 
corresponding to the reduction of Pd oxide, only, 
was not observed in our experiments. This is due to 
the low Pd content (high FeOx/Pd ratio) in our cata-

Fig. 1. XRD pattern of non calcinated Fe3O4 and after 
calcination

Fig. 2. TEM image of Fe3O4 before calcination

Table 1. Samples characterization after calcination

Sample DMeOx, [nm] SBET, [m2/g]

Fe2O3 22 28.8
0.5Pd/Fe2O3 22 27

were not detected in XRD spectrum of Pd modified 
sample revealing finely divided phase of palladium 
(XRD data are not given).

TPR spectra of Fe2O3after calcination and of 
the oxide after Pd loading are presented on the 
Figure 3.

TPR profile of the Fe2O3 (Fig. 3) shows sharp re-
duction peak at 348 °C, attributed to the reduction of 
Fe2O3 to Fe3O4, and a broad peak in the temperature 
interval 450–700 °C, assigned to the subsequent re-
duction of Fe3O4 to FeO and Fe [12]. The reduction 
of Fe2O3 to Fe3O4 in Pd/Fe2O3 takes place at signifi-

Fig. 3. TPR profile of Fe2O3 and Pd/ Fe2O3
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lysts leading to very small hydrogen consumption 
by palladium compared to that one for the reduction 
of iron oxide. 

Moessbauer spectra of prepared ferrite pow-
ders registered at room temperature are presented 
on Figure 4. The spectrum A of the initial mate-
rial (Fe3O4) is superposition of sextet and doublet 
components. Sextet lines, only, are registered in 
Möessbauer spectra of the other two samples Fe2O3 
(spectrum B) and Pd/Fe2O3 (spectrum C) which 
are thermally treated iron oxide powder and that 
after Pd deposition, respectively. The calculated 
Moessbauer parameters after the best computer fit-
ting of the spectra with respective components are 
given in Table 2. The calculated hyperfine param-
eters of the sextet components in the spectrum of 
the initial material (spectrum A) could be attributed 
to the presence of highly disperse ferrite phase with 
particle size bellow 20 nm showing collective mag-
netic excitation (CME) behaviour [1, 15, 16]. 

In this spectrum (of Fe3O4) iron ions in octahe-
dral and tetrahedral position in spinel particles are 
distinguished. The calculated hyperfine parameters 
of doublet components could be attributed to the 
presence of ferrite particles with superparamagnetic 
(SPM) behaviour and ultra-disperse size bellow  
10 nm [1. 15, 16]. The calculated hyperfine param-
eters of the sextet components in the other two spec-
tra (Fe2O3 (spectrum B) and Pd/Fe2O3 (spectrum C)) 
could be attributed to the presence of bulk hema-
tite particles and (compare G column 66/72%) and 
hematite particles with lower size (compare G col-
umn 33/28%) (see Table 2).

The oxidation states of Pd and Fe on the cata-
lytic surface were studied by X-ray photoelectron 
spectroscopy.

The Pd3d and Fe2p XP spectra of 0.5%Pd/Fe2O3 
are shown in Fig. 5. The line form, position of the 
peak and the position of satellite structures for Fe2p 
XP spectra were compared with previously reg-

Fig. 4. Moessbauer spectra of synthesized materials.  
A – Fe3O4 – as synthesized initial sample; B – Fe2O3 – 
calcined initial sample; C – 0.5%Pd/Fe2O3

Table 2. Moessbauer parameters of the samples

Sample Components
IS,

mm/s
QS,

mm/s
Heff,

T
FMHW,

mm/s
G,
%

Fe3O4

(A)
Sxt 1 – Fe3+

tetra spinel
Sxt 2 – Fe2.5+

octa spinel
Sxt 3 – Fe3+ – spinel CME
Dbl 1 – Fe in spinel SPM
Dbl 1 – Fe in spinel SPM

0.27
0.74
0.32
0.34
0.32

0
0
0
0.67
1.2

47.3
46.3
40.1

–
–

0.75
0.51
2.20
0.75
0.63

9
10
65
11
5

Fe2O3

(B)
Sxt 1 – Fe3+ in hematite 
Sxt 2 – Fe3+ in hematite

0.38
0.37

–0.21
–0.20

51.5
50.3

0.32
0.42

66
34

Pd/ Fe2O3

(C)
Sxt 1 – Fe3+ in hematite 
Sxt 2 – Fe3+ in hematite

0.38
0.37

–0.21
–0.20

51.5
50.4

0.31
0.38

72
28

istered iron oxide spectra and with literature data 
also. Base on this we suggest the presence of Fe2O3 
as a main phase [17]. Very weak satellite structure 
at binding energies about 719 eV (typical for Fe3+) 
and Fe2p3/2 peak at about 710.5 eV are characteris-
tic for Fe3+. The broadening of Fe2p3/2 peak corre-
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sponds to the presence of nano-sized particles. The 
surface atomic concentrations obtained from the 
normalized peak area divided by the cross section 
of the elements presented are as follow: Pd – 2 at.%; 
Fe – 33 at.%; and O – 65 at.%. 

The binding energies in the range of 337.2–337.6 
eV for Pd modified sample indicate the presence of 
PdO [18, 19]. A third component at 339.4 eV was 
observed. It is smaller than the other component 
detected and contributes with 10 % of the total Pd 
signals. This peak may be associated with Pd4+ from 
PdO2 [19]. Pd4+ from PdO2 is highly unstable, but 
according to Barr [20] Pd metal particles exposed 
long enough to air form on their surface PdO oxide 
with outermost layers of PdO2 or Pd(OH)4.

Figure 6 shows the CO conversion vs. temper-
ature on the samples of iron oxide and iron oxide 
modified with palladium. The pure Fe2O3 demon-
strate activy in CO oxidation. The addition of Pd 
results in remarkable displacement of the conver-

sion curve to lower temperature, indicating better 
catalytic activity (Fig. 6).

As it was mentioned above palladium presents 
at the catalyst surface as finely divided particles 
(there were no diffraction peaks for Pd nor PdO in 
the XRD spectrum) and palladium and iron oxide 
are supposed to interact strongly. According to Liu 
et al. [21] the promoting effect of iron oxide in the 
case of Pt-FeOx catalysts is related to the ability of 
the iron oxide species, located in close proximity 
to the palladium, to provide adsorption sites for 
oxygen that can subsequently react with CO mol-
ecules adsorbed on adjacent Pd sites. Thus, we can 
conclude that because of the high dispersion of Pd 
and close interaction between Pd and Fe2O3 in Pd/
Fe2O3 sample, more surface oxygen species are pro-
vided to the palladium, thus improving its catalytic 
activity.

In situ DRIFT spectroscopy was used as one of 
the most powerful methods to obtain information 
about the type of the active sites, their stability and 
reactivity, chemical state of the surface under static 
and dynamic conditions in a wide temperature inter-
val and after different pretreatments. DRIFT experi-
ments on CO adsorption and reaction in O2 –con-
taining flow mixture were carried out to shed some 
light on the reaction mechanism.

The bridge-bonded CO band (at 1984 cm−1) and 
linearly bonded CO on Pd1+ (at 2124 cm−1) and Pd0 
(at 2089 cm−1) are visible in the IR spectrum of Pd/
Fe2O3 at T room (Fig. 7). The decrease in intensity of 
the bands of gas phase CO indicates activity in the 
CO oxidation even at ambient temperature. The 
bands of linearly and bridge-bonded CO are seen in 
the spectra collected up to 100 °C. The Langmuir–
Hinshelwood mechanism (L-H) between adsorbed 
CO and oxygen species was well established as the 
dominant reaction pathway in the reaction of CO 
oxidation on noble metals [22]. Based on this it is 
possible to suggest that the reaction mechanism is 
L-H includes these two types of adsorption species. 
The so-called bi-functional reaction path involv-

Fig. 5. XP spectra of Pd 3p and Fe 2p of 0.5%Pd/Fe2O3 after calcination 2 h at 450 °C

Fig. 6. Catalytic activity of the samples in the reaction of 
CO oxidation
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ing the reaction between CO adsorbed on the noble 
metal and oxygen from oxides is possible as well. 

Conclusions

Strong interaction between the palladium and 
the nano-sized Fe2O3 oxide was established in a Pd/
Fe2O3 catalyst leading to the formation of finely di-
vided PdO on the surface. The high catalytic activ-
ity was established for Pd/Fe2O3 and it was explain 
with the ability of the iron oxide, located in close 
proximity to the palladium, to provide adsorption 
sites oxygen that can subsequently react with CO 
molecules adsorbed on the adjacent Pd. 

Based on DR IRS investigations the Langmuir–
Hinshelwood reaction mechanism was suggested 
for CO oxidation up to 100 °C over Pd/Fe2O3. The 
linear and bridge-bonded CO take part in the reac-
tion on the surface of Pd/Fe2O3.
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(Резюме)

Получен е наноразмерен Fe3O4 от водни разтвори на железни соли посредством утаяване. Така приготве-
ният оксид е накален и модифициран с паладий. Получените образци са характеризирани чрез методите на 
рентгеновата дифракция, рентгеновата фотоелектронна спектроскопия, трансмисионната електронна микро-
скопия, температурно-програмираната редукция и дифузно-отражателната инфрачервена спектроскопия.

Каталитичното поведение на получените материали е изследвано в реакцията на окисление на CO. 
Установено е силно взаимодействие между паладия и наноразмерния оксид, което води до формирането 
на финодисперсен PdO на повърхността на образеца. Pd/Fe2O3 показа висока каталитична активност в из-
следваната реакция. Това се обяснява със способността на железния оксид, намиращ се в непосредствена 
близост до паладия, да доставя активен кислород, който в последствие да реагира с адсорбираните върху Pd 
молекули СО. Предполага се, че окислението на СО при температури до 100 °C в присъствие на катализатор 
Pd/Fe2O3 протича по механизма на Лангмюир-Хиншелвуд включващ линейно и мостово свързани с паладия 
молекули СО.
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