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Abstract The present work aims to evaluate the influence of synthesis conditions and gold
addition on structural and functional characteristics of copper-manganese ferrites. Object of
the investigation is spinel ferrite with composition Cu0.5Mn0.5Fe2O4, thermally treated at
different conditions. The influence of gold deposition on structure of ferrites and catalytic
properties in water-gas shift reaction (WGSR) is studied on the ferrite sample obtained at
300 ◦C. Structural characteristics of samples are determined by Mössbauer spectroscopy
and X-Ray diffraction. The Mössbauer spectra of treated at different temperature ferrite
samples consist of sextet and doublet components. A comparative assessment of crystallite
size of ferrite phase was accomplished from the calculated value of the hyperfine fields. It
was established well expressed tendency of ferrite crystallite growth with increasing of ther-
mal treatment temperature. Increasing of the ferrite crystallite size in presence of gold in
the sample is established, too. The analysis of catalytic activity in WGSR shows unexpected
result i.e. the activity of gold-modified ferrite sample is lower than that of the sample with-
out gold. Probably this is due to complex factors, including recrystallization of the ferrite
phase due to additional thermal treatment at higher temperature, addition of gold, changes
of the structural features and phase composition during catalytic test.
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1 Introduction

The ferrites with spinel structure can be divided to three groups according to occupation
of divalent and trivalent cations of tetrahedral and octahedral positions – normal, inverse
and partial inverse. Normal spinel is when all divalent cations occupy only tetrahedral sites,
inverse – when all divalent cations occupy octahedral sites and partially inverse – when
divalent cations are distributed in tetrahedral and octahedral sites. It is known, that different
metal cations reveal different preferences to occupy tetrahedral and octahedral positions in
the spinel structure [1].

The numerous studies of spinel ferrites are provoked by the interest to investigate the
relation of structure and functional properties as magnetic, optical, catalytic etc. [2–5]. Typ-
ical example for catalyst with spinel structure is magnetite (Fe3O4). It is the main active
phase of iron-containing catalysts in the high temperature stage of WGSR, which performs
at 350-450 ◦C [6]. It is known that in some cases multi-component ferrites have better cat-
alytic behavior than single component ferrite [7–10]. Moreover, gold modified iron oxide
shows high catalytic activity at low temperature [11]. It is known that the catalytic prop-
erties of ferrites strongly depend on the size of the particles, which are closely related
to preparation conditions [12]. Mössbauer spectroscopy is suitable method for iron oxide
nanoparticles investigation, by reason of its size sensitiveness [13].

The aim of the present work is to evaluate the influence of synthesis conditions and
Au presence on structural and functional characteristics in WGSR of copper-manganese
ferrites. Object of the investigation is spinel ferrite with Cu0.5Mn0.5Fe2O4 composition,
thermally treated at different conditions.

2 Experimental

Ferrite samples with Cu0.5Mn0.5Fe2O4 composition were synthesized by auto-combustion
sol-gel method using the procedure of the lowest pH of the initial solution reported in [14]
and followed by different thermal treatment. Shortly, following experimental procedure was
used: Cu(NO3)2.3H2O, Mn(NO3)2.4H2O and Fe(NO3)3.9H2O in corresponding stoichio-
metric ratio was dissolved in distilled water at room temperature and constant stirring; citric
acid was added to the solution in a molar ratio equal to the sum of the metal ions and stir-
ring was continued at 60 ◦C; the water was evaporated partly from the solution by heating
and continuous stirring on a magnetic stirrer; the auto-combustion process was performed
by heating the samples in an oven at 150 ◦C for one hour. As-obtained sample was desig-
nated by Cu0.5Mn0.5Fe2O4-CA. Two samples were further thermally treated at 300 ◦C and
500 ◦C with a heating rate of 10 ◦C/min and holding at the reference temperature two hours,
identified with Cu0.5Mn0.5Fe2O4-TS300 and Cu0.5Mn0.5Fe2O4-TS500, respectively.

The modification of Cu0.5Mn0.5Fe2O4-TS300 by gold (2 wt.%) was carried out by
deposition-precipitation method. The ferrite material was suspended in water, and the depo-
sition was performed by simultaneous addition of an aqueous solution of HAuCl4 and
Na2CO3 at 60 ◦C and pH 7.0. The next steps included aging at 60 ◦C for 1 h, filter-
ing and washing until complete removal of Cl− ions, drying under vacuum at 80 ◦C and
calcination in air at 400 ◦C for 2 h. The sample was denoted as Au/Cu0.5Mn0.5Fe2O4-
TS300+400. Additionally, one sample without gold was thermally treated at the same
conditions (Cu0.5Mn0.5Fe2O4-TS300+400).

Powder X-ray diffraction (XRD) patterns were collected on a TUR M62 diffractometer
with Co Kα radiation. Phase identification was performed using ICDD-PDF2 Database.
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Fig. 1 XRD patterns of the investigated samples

The average crystallite size (D), the degree of microstrain (e) and the lattice parameters (a)

of the studied ferrites were determined from the experimental XRD profiles by using the
PowderCell-2.4 software and appropriate corrections for the instrumental broadening.

The Mössbauer spectra were recorded at room temperature (RT) using a Wissel (Wis-
senschaftliche Elektronik GmbH, Germany) electromechanical spectrometer working in a
constant acceleration mode. A 57Co/Rh (activity ∼= 10 mCi) source and αFe standard were
used. CONFIT2000 software [15] was used for fitting of the experimentally obtained spec-
tra. The parameters of hyperfine interaction such as isomer shift (δ), quadrupole splitting
(�), quadrupole shift (2ε), magnetic hyperfine field (Bhf ), line widths (�exp), and relative
weight (G) of the partial components in the spectra were determined.

The water-gas shift activity tests were carried out in a flow reactor at atmospheric pres-
sure. The catalytic measurements were conducted at the temperature range of 140–300 ◦C.
The applied experimental conditions were as follows: catalyst bed volume – 0.5 cm3, space
velocity – 4000 h−1, partial pressure of water vapor 31.1 kPa and the reactant feed with
model gas mixture (5.02 vol. % CO in argon). Before catalytic tests the samples were sub-
mitted to controlled mild reduction in a reaction mixture (CO/Ar and water vapor) up to
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Table 1 Average crystallites size (D), degree of microstrain (e) and lattice parameters of the ferrite phase in
samples treated at different temperature determined from the experimental XRD profiles

Sample Phase D, nm e ∗103, a.u. Lattice parameters, Å %

Cu0.5Mn0.5Fe2O4-CA Spinel, cubic 14.2 2.9 a=8.45 96.2

CuO a=4.75 3.8

b=3.38

c=5.09

beta=98.22

Cu0.5Mn0.5Fe2O4-TS300 Spinel, cubic 14.2 2.9 a=8.42 93.0

CuO a=4.68 7.0

b=3.44

c=5.18

beta=100.31

Cu0.5Mn0.5Fe2O4-TS500 Spinel, cubic 20.3 2.7 a=8.38 76.8

CuO 12.1 4.6 a=4.56 1.4

b=3.31

c=5.04

beta=98.89

Fe2O3 59.6 2.9 a=5.04 21.8

c=13.73

Cu0.5Mn0.5Fe2O4-TS300+400 Spinel, cubic 19.0 2.0 a=8.38 96.4

CuO 12.5 4.8 a=4.67 3.6

b=3.35

c=5.16

beta=98.93

Au/Cu0.5Mn0.5Fe2O4-TS300+400 Spinel, cubic 24.1 5.2 a=8.38 88.3

Au 29.7 1.9 a=4.07 0.8

CuO 13.0 4.7 a=4.68 10.9

b=3.43

c=5.07

beta=99.42

Cu0.5Mn0.5Fe2O4-TS300 WGSR Spinel, cubic 28.2 3.2 a=8.47 83.7

Cu 10.0 2.6 a=3.63 2.7

CuO 12.7 6.0 a=4.66 13.6

b=3.50

c=5.07

beta=99.50

Au/Cu0.5Mn0.5Fe2O4-TS300+400 WGSR Spinel, cubic 37.3 5.1 a=8.47 91.2

Au 11.9 4.6 a=4.03 1.0

Cu 10.7 3.6 a=3.63 7.8

30 ◦C. The catalytic activity data were expressed by degree of CO conversion. The mea-
surements were recorded after establishing of the steady-state conditions of conversion at
corresponding temperatures.
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Fig. 2 Mössbauer spectra of samples thermally treated at different temperature

3 Results and discussion

The X-ray patterns of the samples are presented in Fig. 1. Calculated parameters from the
experimental spectra are given in Table 1. Formation of cubic spinel phase (S.G. Fd3m, No.
227) was established in the sample after auto-combustion (Cu0.5Mn0.5Fe2O4-CA). Presence
of small quality of additional CuO phase (4%) was also checked in this sample. Ther-
mal treatment at 300 ◦C leads to slight increase of CuO content and decrease of unit cell
parameter of the ferrite phase, while the ferrite crystallite size remains the same. A signifi-
cant decomposition of the ferrite phase and hematite formation is established in the sample
treated at 500 ◦C. As shown in Table 1, there is a strong correlation of ferrite crystal size
and temperature of thermal treatment. Well defined reflections of Au are observed in gold
modified ferrite sample, as the calculated average crystallite size is 29.7 nm. Comparison of
diffraction data of gold modified sample with these of the ferrite sample treated at the same
conditions shows, that presence of gold assist ferrite size increase at 400 ◦C, as well as CuO
phase separation.

The Mössbauer spectra of the investigated samples are shown in Figs. 2 and 3. The fitted
hyperfine parameters are presented in Table 2. All spectra of samples synthesized at differ-
ent conditions, excluding Cu0.5Mn0.5Fe2O4-TS500, are consisting of sextets and doublets.
The sextets with highest magnetic field (Sx1) in these spectra are related to tetrahedrally
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Fig. 3 Mössbauer spectra of samples Cu0.5Mn0.5Fe2O4-TS300 before (a) and after catalytic test (b),
Au/Cu0.5Mn0.5Fe2O4-TS300+400 before (c) and after catalytic test (d)

coordinated Fe3+ ions. The sextets with higher isomer shift and lower Zeeman splitting (Sx2
and Sx3) than Sx1 can be related to Fe3+ ions in octahedral coordination and different non-
iron near neighbors occupying tetrahedral positions. The doublet components in the spectra
have relative weight 7-8 % and could be related to finely dispersed spinel particles with
superparamagnetic behavior. Sextet with typical hyperfine parameters of α-Fe2O3 is found in
ferrite sample treated at 500 ◦C which is in accordance with XRD results. An assessment for
crystallite size of iron oxide phases could be accomplished from the calculated value of the
magnetic hyperfine field of the sextet components [16]. In Table 2 are given the mean values
of effective internal magnetic field (Bmean), where it is seen clear tendency for Bmean val-
ues increase with increasing of the treatment temperature. This observation is in accordance
with the XRD results (Table 1) and proves ferrite recrystallization at higher temperatures.
Additional effect of gold presence on recrystallization of ferrite phase is evident by com-
paring magnetic field of gold modified sample (46.4 T) with that of sample without gold
treated at the same conditions (45.8 T).

The catalysts tested in WGSR were analyzed by XRD and Mössbauer spectroscopy.
The XRD results showed significant increasing of ferrite crystallite size (Table 1). The
absence of superparamagnetic doublet in Mössbauer spectra after catalytic test confirmed
also this phenomenon (Fig. 3, Table 2). Additionally, an increasing of isomer shift of the
sextets of octahedral coordinated iron ions was observed in these spectra. Therefore a par-
tial reduction of Fe3+ to Fe2+ has been occurred in reaction media. It can be noted that
the final composition of the catalytic materials was formed in the reaction medium. The
analysis of XRD results indicate, that cooper in composition of the tested samples is sep-
arated as Cu and CuO phases consequently spinel ferrite phase in spent catalysts could be
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Table 2 Mössbauer parameters of investigated samples (δ - isomer shift, � - quadrupole splitting,
quadrupole shift (2ε), Bhf - magnetic hyperfine field, Bmean- mean effective internal magnetic field, �exp

- line widths, G - relative weight of the partial components in the spectra, LNT- spectra measured at liquid
nitrogen temperature)

Sample Components δ, mm/s
(error
±0.01)

�,
2εmm/s
(error
±0.02)

Bhf , T
(error
±0.2)

Bmean,
T (error
±0.2)

�exp ,
mm/s
(error
±0.04)

G,%

Cu0.5Mn0.5Fe2O4-CA Sx1- Fe-tetra 0.31 0.00 47.4 43.3 0.46 17

Sx2- Fe-octa 0.38 0.02 44.6 0.65 34

Sx3- Fe-octa 0.40 −0.03 40.6 1.19 41

Db-Fe3+ 0.33 0.74 − 0.52 8

Cu0.5Mn0.5Fe2O4-TS300 Sx1- Fe-tetra 0.32 0.00 48.0 45.1 0.53 33

Sx2- Fe-octa 0.35 0.00 45.6 0.56 24

Sx3- Fe-octa 0.37 −0.04 42.1 1.13 36

Db-Fe3+ 0.34 0.77 − 0.55 7

Cu0.5Mn0.5Fe2O4-TS500 Sx1-α-Fe2O3 0.38 −0.20 51.8 − 0.30 16

Sx2- Fe-tetra 0.29 0.03 47.9 0.41 19

Sx3- Fe-octa 0.39 −0.02 50.0 0.51 23

Sx4- Fe-octa 0.31 0.01 45.9 0.95 42

Cu0.5Mn0.5Fe2O4-TS300+400 Sx1- Fe-tetra 0.33 0.00 48.9 45.8 0.47 28

Sx2- Fe-octa 0.34 0.00 46.8 0.57 31

Sx3- Fe-octa 0.33 0.04 42.2 1.53 33

Db-Fe3+ 0.34 0.81 − 0.61 8

Au/Cu0.5Mn0.5Fe2O4-TS300+400 Sx1- Fe-tetra 0.32 0.00 49.4 46.4 0.49 27

Sx2- Fe-octa 0.34 −0.01 47.3 0.59 31

Sx3- Fe-octa 0.33 −0.01 43.1 1.57 34

Db-Fe3+ 0.34 0.82 − 0.58 8

Cu0.5Mn0.5Fe2O4-TS300-WGSR Sx1- Fe-tetra 0.31 0.00 47.6 43.3 0.38 19

Sx2- Fe-octa 0.43 0.01 45.3 0.48 23

Sx3- Fe-octa 0.47 −0.01 42.9 0.57 28

Sx4- Fe-octa 0.51 −0.01 39.3 1.02 30

Au/Cu0.5Mn0.5Fe2O4-
TS300+400-WGSR

Sx1- Fe-tetra 0.31 0.00 48.5 44.4 0.37 19

Sx2- Fe-octa 0.43 0.01 46.3 0.51 22

Sx3- Fe-octa 0.48 −0.01 43.8 0.66 35

Sx4- Fe-octa 0.54 −0.01 40.0 0.99 24

defined as Mn-substituted magnetite. However, the XRD patterns of the sample modified
by Au exhibited reflections typical for metallic copper and absence of reflections for cop-
per oxides. This result is in agreement with recent results for the effect of Au deposition on
alumina supported Cu-Mn mixed oxides [17]. The addition of gold improved reducibility
and boosted the reduction of CuO and spinel phase to a lower temperature if compared to
the Cu-Mn/Al2O3 sample.

The WGS catalytic activity results are presented in Fig. 4. Copper-manganese ferrite
demonstrated higher catalytic activity than gold-copper manganese ferrite. This behavior
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could be related to the facilitated recrystallization of the spinel ferrite in the presence of
gold under WGS reaction conditions. The agglomeration leads to lack of catalytic active
sites and lower activity. Another possible explanation could be associated with the presence
of a separate phase of finely dispersed CuO in the sample Cu0.5Mn0.5Fe2O4-TS300 (Table
1). According to the literature, this phase is able to increase the mobility of lattice oxygen
and hydroxyl groups participating in redox WGS mechanism and in this way to improve
catalytic activity [18]. Moreover, considering the role played by different copper species in
the WGS reaction, some studies proposed metallic Cu and either Cu1+ or Cu2+ cations as
active sites [19, 20]. The total absence of positively charged copper ions due to the complete
reduction to metallic Cu in Au-containing catalyst (Table 1) could be a reason of its lower
catalytic activity.

4 Conclusions

It was established well expressed tendency of ferrite crystallite growth with increasing of
thermal treatment temperature. Increasing of the ferrite crystallite size in presence of gold
in the sample is established, too. The analysis of catalytic activity in WGSR shows that the
activity of ferrite sample with gold deposition is lower than that of the sample without gold.
Probably this is due to complex factors. One of them is the recrystallization of the ferrite
phase due to both additional thermal treatment at higher temperature and gold presence.
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