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Abstract

Nanosized iron and mixed iron–cobalt oxides supported on activated carbon materials and their bulk analogues prepared by thermal synthesis

are studied by X-rays diffraction, Mössbauer spectroscopy, magnetic measurements and temperature programmed reduction. Their catalytic

behavior in methanol decomposition to H2, CO and methane is tested. Phase transformations in the metal oxides affected by the reaction medium

are also investigated. Changes in the reaction mechanism of the methanol decomposition after the metal oxides deposition on the support as

compared to the bulk phases are discussed.
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1. Introduction

Nanosized spinel ferrite particles have attracted in the past

considerable attention and research efforts. Because of their

technological importance in microwave industries, high-speed

digital tape or disk recording, magnetic refrigeration systems

and ferrofluids they are still objects of intensive investigations

[1–4]. It is well established that various binary and ternary

spinel ferrites are effective catalysts for a number of industrial

processes such as oxidative dehydration of hydrocarbons,

decomposition of alcohols, alkylation reaction, hydrodesulfur-

ization of crude petroleum, Fischer-Tropsch reaction etc. [5–

20]. Binary oxide 2–3 spinels may be described by the general

formula Me2+Me2
3+O4. The cation distribution in these spinels

can be: (i) ‘‘normal’’, i.e. the divalent metal ions are located on

the tetrahedral (A)-sites—(Me2+)A[Me2
3+]BO4; (ii) ‘‘inverse’’,

i.e. the divalent metal ions occupy octahedral [B]-sites—

(Me3+)A[Me2+Me3+]BO4 and (iii) ‘‘intermediate’’ (partially

inverse) between normal and inverse—(Mex
2+Mel

3+)A
doi:10.1016/j.apcata.2005.11.005
[Me1�x
2+Me2�l

3+]BO4. For spinels, where only divalent and

trivalent cations are present, the inversion degree (l) is defined

as a fraction of (A)-sites occupied by trivalent ions [21]. It was

also reported that, in the case of ferrites, Fe3+ ions could be

easily shifted either to octahedral or to tetrahedral sites by

varying stoichiometric ratio with the other cations. As a result,

the physical and catalytic properties of the spinel oxides might

be influenced not only by the nature and the oxidative state of

the transition metal ions, but also by their distribution in the

spinel structure [21–25]. In this aspect, the determination of

cation distribution in the spinels gains a considerable interest

because of its influence on their physical and chemical

properties.

Methanol is expected to become one of the new liquid

energy carriers because it can be synthesized from biomass,

coal and natural gas, all of them being more abundant resources

than the crude oil. In the last two decades among the various

procedures of methanol conversion (steam reforming, partial

oxidation, etc.) the methanol decomposition has received

growing attention as a source of hydrogen and/or synthesis gas

for chemical processes or as an ecological fuel for gas turbines,

vehicles and fuel cells [26–30]. Since the methanol decom-

position to hydrogen and carbon monoxide is an endothermic



process, it is also suitable for chemical storage of heat.

However, a significant improvement of catalysts for the

methanol decomposition is desired. Various metals and metal

oxides are reported to be effective catalysts for this reaction

[31–35]. We established that nanoparticles of iron or iron oxide

supported on mesoporous molecular sieves could substantially

change the reaction selectivity, at that hydrogen and methane/or

carbon monoxide being the main products [36–40]. It has been

shown as well that the selectivity of methanol conversion to CO

and methane could be easily controlled by varying of the

supported iron oxide dispersion and its transformations

provoked by the reaction medium [38]. The role of the support

pore architecture on the state of the supported iron species was

also widely discussed. However, only a few data on the

methanol decomposition using mixed iron–cobalt oxides

catalysts have been published so far. In our previous study

we investigated the catalytic behavior of mechanochemically

synthesized nano-dimensional iron cobalt spinel oxides in

methanol decomposition. A well-defined effect of the

preparation conditions and the Fe/Co ratio on the reduction

and catalytic properties of iron–cobalt catalysts is established

[41]. However, the obtained nanoparticles usually show a

strong tendency to aggregate. The latter makes it very difficult

to exploit their unique physical properties. Dispersion of the

nanoparticles in a matrix [42,43] as well as their deposition on

various supports [44–51] are approaches to reducing their

agglomeration.

The aim of the present paper is to elucidate the changes in

the catalytic behavior of iron and mixed iron–cobalt oxides in

methanol decomposition after their deposition on a support. For

this purpose spinel ferrites with various Co/Fe ratios were

supported on activated carbon and their catalytic properties

were measured. Activated carbon was chosen as a support,

because of its high specific surface area, well-developed pore

structure and catalytic inertness [52,53]. Special attention is

paid on the phase transformations during the catalytic process

and their relation to the catalytic efficiency of the samples.

2. Experimental

2.1. Materials

Granulated activated carbon with a specific surface area of

545 m2/g and pore volume of 0.55 cm3/g was used as a support

[54]. Iron–cobalt oxide/activated carbon samples with Fe/Co

ratio of 2 and 0.5 (denoted as CoFe2/AC and Co2Fe/AC,

respectively) were obtained by vacuum impregnation of the

activated carbon (AC) with solution of Fe(NO3)3�9H2O and

Co(NO3)2�6H2O with the desired Fe/Co ratio. Iron oxide/

activated carbon sample (Fe/AC) were also prepared by

vacuum impregnation of the AC with Fe(NO3)3�9H2O. After

drying at 473 K, the obtained materials were heated in argon at

773 K for 3 h. All samples contain 10 wt.% of metal.

Thermal synthesis of the bulk ferrites with Fe/Co ratio of 2

and 0.5 (denoted as CoFe2TS and Co2FeTS, respectively) was

performed in two steps: co-precipitation and subsequent

annealing of the co-precipitation precursor [41]. For the
co-precipitation process, 0.5 M solutions of metal salts

containing Co2+ and Fe3+, are taken in the desired Fe/Co

molar ratio. The mixed cobalt and iron hydroxide carbonate

precursors were formed when 1M sodium carbonate solution is

added until the solution pH reach 9. The initially formed

precipitate was kept under continuous stirring for 1 h at room

temperature. After filtration, washing and drying at room

temperature brown substances with layered structure were

produced. The as-obtained precursor powders were annealed at

773 K and 573 K to obtain CoFe2O4 (CoFe2TS) and Co2FeO4

(Co2FeTS), respectively. Synthesis of Fe3O4 (sample denoted

as FeTS) was carried out following the preparative procedure

described in [55].

2.2. Methods for samples characterization

2.2.1. Mössbauer spectroscopy

Mössbauer measurements of nanosize cobalt ferrite

particles were carried out at room temperature (RT) and

liquid nitrogen temperature (LNT) with a Wissel electro-

mechanical Mössbauer spectrometer (Wissenschaftliche Elek-

tronik GmbH, Germany) working at a constant acceleration

mode. The experimentally obtained spectra were treated using

the least squares method. The parameters of hyperfine

interaction such as isomer shift (IS), quadrupole splitting

(QS) and effective internal magnetic field (Heff) as well as the

line widths (FWHM) and the relative weight (G) of the partial

components of the spectra were determined.

2.2.2. X-ray diffraction

X-ray diffraction (XRD) patterns were collected using a

TUR-M62 apparatus (Germany) with Co Ka radiation,

equipped with a computerized HZG-4 goniometer. Spectra

interpretation was carried out using the JCPDS database.

2.2.3. Magnetic measurements

Isothermal magnetizations were obtained with a Princeton

Applied Research vibrating sample magnetometer Model 155

(VSM-maximum static field of �1.8 T). The magnetic

susceptibilities were recorded on a Quantum Design Supra

Conducting Quantum Interference Device (SQUID) magnet-

ometer. The operating temperature was increased from 2 to

400 K and the applied magnetic field goes up to 50 kOe.

2.2.4. Specific surface areas measurements

Specific surface areas of all studied samples have been

determined by nitrogen adsorption/desorption isotherms on a

Sorpty 1750 porosimeter.

2.2.5. Temperature-programmed reduction

Temperature-programmed reduction (TPR) of the samples

was carried out in the measurement cell of a differential

scanning calorimeter (DSC-111, SETARAM) directly con-

nected to a gas chromatograph (GC). Measurements were made

in the 300–973 K range at 10 K/min heating rate in a flow of

Ar:H2 = 9:1, the total flow rate being 20 ml/min. A cooling trap



between DSC and GC removes the water obtained during the

reduction.

2.2.6. Catalytic activity and selectivity measurements

The catalytic activity and selectivity measurements were

performed in a fixed-bed reactor. The initial reaction mixture,

which consists of methanol (partial pressure of 1.57 kPa) and

Ar was passing through the reactor with WHSVof 1.5 h�1. The

experiments were carried out in a regime of temperature

programmed reaction (2 K/min) in a temperature interval of

480–750 K. The on-line gas chromatographic analysis was

performed on a Porapak Q and molecular sieve columns using

both thermoconductivity and flame-ionization detectors. The

yields of products were estimated using carbon-based absolute

calibration method. CO and methane are the only registered

carbon containing products in all cases, so their distribution was

presented as CO selectivity (calculated as a ratio of yields of

CO and CH4 + CO). After the catalytic test the samples were

passivated using a standard procedure as follows: cooling in a

flow of argon to room temperature for 1 h and after that in a flow

of argon with 5% air for 1 h.

3. Results and discussion

3.1. XRD measurements

XRD patterns of the initial samples are shown in Fig. 1.

For the thermally synthesized samples well defined reflexes

typical of the corresponding spinel phases are registered:

Fe3O4 �a = b = c = 8.39 Å (PDF 19-0629), CoFe2O4 �a =

b = c = 8.38 Å (PDF 22-1086), Co2FeO4 �a = b = c = 8.16 Å

[56]. The average particle size calculated using the

Debbye-Scherrer equation is about 42 nm for FeTS, 27 nm

for CoFe2TS and 7 nm for Co2FeTS. In the case of supported
Fig. 1. XRD patterns of initial supported on AC (a)
compounds the XRD patterns consist of reflections typical

of graphite (PDF 75-2078) and low intensity lines of Fe3O4

in the case of Fe/AC, CoFe2O4—for CoFe2/AC and CoO

(PDF 43-1004), Co2FeO4 and Co (Fe-Co)—for Co2Fe/AC.

3.2. Mössbauer spectroscopy measurements

Mössbauer spectroscopy was applied to obtain more

information about the phase composition, cationic occupations

and/or different state distribution of iron ions in the studied

ferrite materials. The points in Fig. 2 represent the experimental

Mössbauer results and the continuous lines through the data

points correspond to least-squares fitting. The resultant

Mössbauer parameters are given in Table 1. The room

temperature spectrum of FeTS and CoFe2TS are composed

only by sextet components. The first one includes typical

sextets due to Fe3+ and Fe3+Fe2+ ! Fe2.5+ ion occupation in (A)

and [B] positions, respectively. According to [57] the

distribution of iron cations between the two nonequivalent

cation sublattices provided by the spinel structure was

calculated from equation:

IðAÞ
I½B�

¼
fðAÞ
f½B�

l

ð2 � lÞ ;

where I(A) and I[B] are Mössbauer sublattice areas of tetrahe-

dral and octahedral position, respectively, f (A) and f [B]—

recoilless fraction of position (A) and [B]. The ratio f (A)/

f [B] = 0.94 for the RT Mössbauer spectrum [58] and f (A)/

f [B] = 1 for the LNT one [59]. The inversion degree of

Fe3O4, according to cation distribution (Fe3+)tetra[Fe3+Fe2+]oc-

taO4 is l = 1. In the case of CoFe2TS, it should be noted that

acceptable data fitting could be obtained only when the [B]-site

pattern is assumed to be a superposition of more than one
and bulk (b) iron and iron–cobalt spinel oxides.



Fig. 2. Mössbauer spectra of initial supported on AC (a) and bulk (b) iron and iron–cobalt spinel oxides.

Table 1

Mössbauer parametra of initial samples

Sample Components IS (mm/s) QS (mm/s) Heff (kOe) FWHM (mm/s) G (%)

Fe/AC Sn–Fe3+, Fe2+ 0.27 0.00 – 1.26 18

Db1–Fe3+ 0.36 0.86 – 0.65 37

Db2–Fe2+ 1.20 2.00 – 1.27 21

Sxt1–Fe3+
tetra 0.30 0.00 467 1.00 10

Sxt2–Fe2.5+
octa 0.60 0.00 435 1.40 14

CoFe2/AC Db1–Fe3+ 0.35 0.86 – 0.64 59

Db2–Fe2+ 1.13 2.01 – 0.80 26

Sxt–Fe3+
tetra,octa 0.31 0.00 480 0.94 15

CoFe2/AC LNT Db1–Fe3+ 0.32 0.98 – 0.67 20

Db2–Fe2+ 1.15 2.46 – 0.97 30

Sxt1–Fe3+
tetra 0.28 0.00 489 0.40 26

Sxt2–Fe3+
octa 0.37 0.00 524 0.40 9

Sxt3–Fe3+
octa 0.37 0.00 506 0.40 7

Sxt4–Fe3+
octa 0.37 0.00 468 0.40 6

Sxt5–Fe3+
octa 0.37 0.00 430 0.40 2

Co2Fe/AC Db1–Fe3+ 0.35 0.81 – 0.57 34

Db2–Fe2+ 1.12 1.77 – 1.25 26

Sxt1–Fe3+
tetra 0.27 0.00 490 0.29 7

Sxt2–Fe2.5+
octa 0.66 0.00 460 0.69 16

Sxt3–Fe–Co alloy 0.01 0.00 340 0.59 17

FeTS Sxt1–Fe3+
tetra 0.30 0.00 490 0.30 34

Sxt2–Fe2.5+
octa 0.66 0.00 457 0.60 66

CoFe2TS Sxt1–Fe3+
tetra 0.28 0.00 490 0.41 44

Sxt2–Fe3+
octa 0.37 0.00 524 0.42 18

Sxt3–Fe3+
octa 0.37 0.00 507 0.42 16

Sxt4–Fe3+
octa 0.37 0.00 467 0.42 15

Sxt5–Fe3+
octa 0.37 0.00 432 0.42 8

Co2FeTS Db1–Fe3+
octa 0.34 1.02 – 0.58 52

Db2–Fe3+
tetra 0.30 0.59 – 0.38 48

IS: isomer shift, QS: quadrupole splitting (Db) or shift (Sx), Heff: effective magnetic field, G: relative weight.



Fig. 3. Isothermal magnetizations of the supported phases.
sextet. In our cases the hyperfine interaction of the [B]-site

could be fitted up to four overlapping six-line patterns, which

agrees with the observations of other authors for ferrite

samples. Sawatzky et al. [60] interpreted this phenomenon

in terms of the random occupancy of the tetrahedral site by

Fe3+ and Co2+. Consequently, the statistical distribution of

Co2+ ions on the (A)-site will result in appearance of different

nearest neighbors to Fe3+ ions on the [B]-site. The intensities

of the four different [B]-sites are proportional to the prob-

abilities that a Fe3+ [B]-site ion has 6Fe, 5Fe1Co, 4Fe2Co and

3Fe3Co nearest neighbors. On the base of Mössbauer spectra

the following cation distribution is calculated for CoFe2TS-

(Co0.13Fe0.87)[Co0.87Fe1.13]O4, so l = 0.87. The RT spectrum

of Co2FeTS presents only doublets, which can arise from Fe

in ultradispersed ferrite particles exhibiting superparamag-

netic (SPM) behavior [61,62]. This particle size effect is in

good agreement with the XRD data. The processing of this

spectrum using two doublets model shows cation distribution

of l = 0.48, which is close to the random one and is in

accordance with the results obtained by Ferreira et al. [21].

In contrast to bulk materials, Mössbauer spectra of the

corresponding supported materials are more complicated and

consist of sextets, doublets and singlet components. For Fe/AC

they can be associated with the presence of highly dispersed

(D > 12 nm) Fe3O4 (G = 24%), Fe2+ ions in clusters (Db2,

G = 21%), superparamagnetic (SPM) ultradispersed

(D < 12 nm) a-Fe2O3 (Db1, G = 37%) and SPM Fe3O4

(G = 18%), respectively. For CoFe2/AC a RT and LNT spectra

were recorded. The RT spectrum presents a superposition of

sextets (CoFe2O4, G = 15%) and doublets (Fe2+, G = 26% and

SPM CoFe2O4, G = 59%). The superparamagnetic behavior of

a part of CoFe2/AC is confirmed by the LNT spectrum where

the doublet component is decreased (G = 15%) and the sextet

component is increased (G = 60%). The XRD pattern contains

lines of activated carbon and the spinel phase CoFe2O4. Thus

the phase composition of CoFe2/AC is CoFe2O4 which consists

of particles with large size distribution—20% with D > 10–

12 nm, 40% with 4 < D < 10 nm and 15% with D < 4 nm.

Small-particle effects in the spectrum do not allow the inversion

degree to be correctly determined. However for the sextet part

l = 0.52. In the case of Co2Fe/AC the results of the XRD and

MS show that a compound with a multiphase composition is

synthesized—Co3�xFexO4, CoxFe1�xO, Fe3O4 and Fe–Co

alloy. In all supported compounds the presence of Fe2+ ions in

clusters are registered which is an evidence for the interaction

between the carrier and supported spinel oxide phases.

3.3. Magnetic measurements

The isothermal magnetizations of the supported phases are

shown in Fig. 3. The magnetizations of all samples are weak

(several emu/g), being in agreement with the amount of metal

supported on these phases. The absence of saturation in the

magnetic field range explored, the ‘‘S’’ shape of the curves

together with the lack of coercivity indicate the presence of

small magnetic particles exhibiting superparamagnetic beha-

viors [63,64]. A closer look to the isothermal magnetization
measured up to 5 Teslas (Fig. 4) reveal the presence of small

coercivity for both cobalt-spinels indicating the presence of

particles exhibiting ferrimagnetic behavior at room tempera-

ture [65–69]. This is confirmed by the ZFC-FC measurement

reported in Fig. 4, where no maxima are observed on the ZFC

part of the curves for the Co2Fe/AC sample and to the fact that

ZFC-FC curves are never superimposed. This confirms the fact

that the particles formed are size distributed and that the

smaller ones exhibit superparamagnetic behavior at room

temperature, whereas the bigger ones are ferrimagnets. This

has already been suggested by the coexistence of doublet and

sextets on the RT Mössbauer spectra. The case of the CoFe2/

AC sample is different as a first maximum on the ZFC curve is

observed at about 260 K and a second one—above 400 K. The

maximum (or drop in magnetization) on the ZFC curve

observed around 260 K for the sample CoFe2/AC cannot be

attributed to the presence of a-Fe2O3. This statement is based

taking into accout two conciderations: (i) Hematite exhibits a

magnetic transition called Morin transition at 260 K [70].

Morin transition is a result of the action of moments of the two

sublattices within the rhombohedral cell changing from

parallel to the [1 1 1] direction at high temperature to

perpendicular at low temperature and is accompanied by a

lowering of the magnetization [71]. (ii) The opposite accident

(phenomenon) should be also observed on the FC curve.

Therefore, one can obviously associate these two maxima in

the ZFC curve with two different magnetic phases or more

probably with two populations of particles as suggested by

Mössbauer spectroscopy.

3.4. TPR measurements

In Fig. 5 TPR profiles for bulk and supported iron spinel

materials are presented. The reduction of the largest amount of

Fe3O4 and Fe/AC take place in the temperature interval of 700–

950 K. Two overlapping peaks with maximum at 850 and

900 K are observed, which could be associated with reduction

of iron oxides. A well-defined shift of the reduction curves to

the lower temperatures is found for bulk cobalt and iron binary



Fig. 4. Isothermal magnetization (b) and ZFC-FC measurements (a) of CoFe2/AC and Co2Fe/AC.
spinels as compared to the iron mono-component ones. Single

main reduction peaks with maxima at 675 K (Co2FeTS) and

730 K (CoFe2TS) are recorded, although minor reduction

shoulders appear at temperatures of 480–600 K. It is well

known that the reduction of Co3O4 takes place in two steps—

reduction of Co3+ to Co2+ in the temperature interval 550–

600 K and of Co2+ to Co0 in the interval of 600–700 K. It has
Fig. 5. TPR profiles for supported (a) and bulk
been previously reported that reduction of two metals supported

on the same support takes place simultaneously, despite of the

fact that they are reduced at different temperatures when are

present alone [72]. In our case, it can be tentatively assumed

that hydrogen is dissociatively adsorbed on reduced Co

particles, followed by spillover of hydrogen atoms, thus

lowering the reduction temperature of nearby iron oxide
(b) iron and iron–cobalt spinel materials.



Table 2

Specific surface of the supported compounds before and after catalytic test

Sample Fe/AC initial Fe/AC After cat. test CoFe2/AC initial CoFe2/AC after cat. test Co2Fe/AC initial Co2Fe/AC after cat. test

Surface (m2/g) 648 692 623 538 645 500
particles. The shift of the reduction curve of CoFe2TS to the

higher temperature in comparison with Co2FeTS can be

ascribed to an increase in the crystallite size and to lower Co

content. The TPR profile of the supported materials is totally

different from that of the bulk one. The peaks of the supported

materials are much broader and confirm the existence of wide

particle size distribution. In the case of Co2Fe/AC the TPR

curve is composed from three peaks at 505 K, 630 K (Co2+) and

860 K (Fe3+), respectively, suggesting a multiphase compound,

a result in accordance with data from XRD and MS.

3.5. Specific surface area measurements

The specific surface area of the supported samples before

and after catalytic tests is presented in Table 2. In opposite to

the iron-supported phase, the bimetallic phases show a decrease

in the specific surface as a result of the catalytic test. The

increase in specific surface of Fe/AC can be explained with its

partial reduction, at that its chemical oxide nature being

preserved or by the formation of additional amorphous carbon

during the reactivity test. The decrease in the specific surface is

probably related to the partial metallization observed with

binary iron–cobalt supported catalysts.

3.6. Catalytic activity and selectivity measurements

In Figs. 6 and 7 the data about the methanol decomposition

and product distribution (presented as CO selectivity) for

various bulk and supported spinel materials are presented.

Almost similar and significant methanol conversion with CO

being the main carbon-containing product is registered for both

bulk binary spinels just above 520–580 K (Figs. 6a and 7a). A

well-defined shift of the conversion curve for FeTS to the

higher temperatures is observed (Fig. 6a) and it is an indication

for its lower catalytic activity in comparison with the cobalt

ferrites. A low selectivity towards CO (up to 20%) is also found

for this sample (Fig. 7a). The supported iron spinels exhibit
Fig. 6. Methanol conversion for bulk (a) and supp
catalytic activity just above 620 K (Fig. 6b). In contrast to the

corresponding bulk materials, the supported samples are

characterized with a similar catalytic activity despite of the

differences in their composition (Fig. 6b). CO and methane in

different ratio are observed in all cases and the ability of the

samples to produce CO follows the order: Fe/AC � Fe2Co/

AC < FeCo2/AC (Fig. 7b).

3.7. Samples characterization after catalytic test

XRD measurements of the bulk cobalt spinels used in the

catalytic test reveal well defined lines of Fe3Co7 alloy

a = b = c = 0.284 nm (PDF 48-1818) for Co2FeTS and Fe7Co3

a = b = c = 0.286 nm (PDF 48-1817) for CoFe2TS (Fig. 8b). No

changes of the phase composition of FeTS are observed after

the catalytic test. The sample exhibits a single phase—Fe3O4,

a = b = c = 0.839 nm (PDF 19-629). The supported catalysts

show a reduced degree of crystallinity after the catalytic test,

which make more difficult the phase identification. Only the most

intense lines of Fe3O4 (Fe/AC), CoFe2O4, a-Fe, FeC3 (Fe2Co/

AC) and Co2FeO4, a-Fe (Co2Fe/AC) appear in the spectra.

Additional information has been obtained using MS (Fig. 9,

Table 3). The formation of FeCo alloy in the used bulk samples

is confirmed by the Mössbauer spectra (Table 3, Fig. 9), but the

appearance of Fe3C is also registered for CoFe2TS (Table 3).

The sample Fe/AC exhibits lines belonging to the phases of the

initial composition. The doublet of the SPM CoFe2O4 decreases

due to partial transformation to cementite Fe3C (G = 4%) and

FeCo alloy (G = 7%), which are newly recorded phases in

CoFe2/AC. The disappearance of the magnetite of Co2Fe/AC

(sextet components) is observed and it is transformed into

(Fe2+) doublet and Fe–Co alloy sextet.

3.8. Discussion

So, the incorporation of cobalt ions within the spinel Fe3O4

and formation of binary metal ferrites significantly affects the
orted on activated carbon (b) spinel materials.



Fig. 7. CO selectivity for bulk (a) and supported on activated carbon (b) spinel materials.
reductive and catalytic properties of the samples as well as their

phase transformations by the reaction medium. As a whole all

binary oxides are reduced at lower temperatures as compared to

the corresponding Fe3O4 sample (Fig. 5). A well-defined

tendency to increased catalytic activity and CO selectivity is

also found for the cobalt containing spinels as compared to the

monocomponent ones. Significant reductive changes with the

binary spinels caused due to interaction with the reaction

medium are also registered. The appearance of new phases,

such as CoFe alloys, metallic iron or Fe3C is found after the

catalytic test in all samples. A number of papers deal with the

effect of morphological and structural peculiarities of the

binary ferrites on their catalytic behavior in various processes.

It was reported that they essentially depend on the distribution

of the metal ions between the octahedral and tetrahedral sites of

the spinel structure [12,17,21–24]. It was also established that

the octahedral sites are almost exclusively exposed on the

surface of the spinel crystallites and thus, the catalytic activity

depends mainly on the octahedrally located cations. In this
Table 3

Mössbauer parametra of samples after catalytic test

Sample Components IS (mm/s) QS (

Fe/AC Sn–Fe3+,Fe2+ 0.28 –

Db1–Fe3+ 0.34 0.83

Db2–Fe2+ 1.19 1.90

Sxt1–Fe3+
tetra 0.37 0.00

Sxt2–Fe2.5+
octa 0.65 0.00

CoFe2/AC Db1–Fe3+ 0.39 0.82

Db2–Fe2+ 1.09 1.96

Sxt1–Fe3+
tetra 0.30 0.00

Sxt2–Fe2.5+
octa 0.60 0.00

Sxt3–Fe0 0.00 0.00

Sxt4–Fe3C 0.24 0.06

Co2Fe/AC Db1–Fe3+ 0.37 0.79

Db2–Fe2+ 1.08 1.70

Sxt–Fe–Co alloy 0.03 0.02

FeTS Sxt1–Fe3+
tetra 0.31 0.00

Sxt2–Fe2.5+
octa 0.67 0.00

CoFe2TS Sxt1–Fe–Co alloy 0.03 0.00

Sxt2–Fe3C 0.25 0.10

Co2FeTS Sxt–Fe–Co alloy 0.02 0.00
aspect the observed changes in the reductive and catalytic

properties of the binary materials could be ascribed to the

incorporation of Co cations into the octahedral positions of the

spinel structure. Tseung et al. [73] determine the structure of

Co2FeO4 as fully normal, which means that the second cobalt

occupies tetrahedral positions. Having in mind that tetrahedral

positions exhibit no catalytic activity it should be assumed that

the catalytic activity of Co2FeTS and CoFe2TS should be

identical. However, the observed catalytic properties as well as

the degree of inversion of the spinel rich in cobalt, determined

in the present study reveal that part of cobalt ions have turned

from tetrahedral to octahedral positions. This could be an

explanation to the observed higher activity of Co2FeTS as

compared to CoFe2TS.

However, the observed effects are less pronounced after

ferrite deposition on the activated carbon. Here, mono- and bi-

component iron spinels exhibit close catalytic activity (Fig. 6b).

More over, both bi-component materials are almost similar not

only in their catalytic activity, but in their selectivity to CO
mm/s) Heff (kOe) FWHM (mm/s) G (%)

– 0.84 11

– 0.65 37

– 1.40 24

479 1.50 12

451 2.00 16

– 0.62 48

– 0.93 26

485 0.82 6

451 1.10 4

334 1.30 9

208 0.53 7

– 0.40 32

– 0.62 43

338 1.27 25

488 0.40 34

454 0.70 66

361 0.50 88

207 0.60 12

339 0.35 100



Fig. 8. XRD patterns of bulk iron and iron–cobalt spinel oxides after catalytic

test.
despite the different content of cobalt in them (Fig. 7b). It is

worth noting also, that the SPM part of mixed ferrites is

preserved after the catalytic test (Table 3). According to our

opinion different behavior of bulk and supported catalysts with

respect to their spectra and catalytic properties is due to a

particle size effect [74]. The bulk catalysts are built of

crystallites of high degree of crystallinity and low content of
Fig. 9. Mössbauer spectra of bulk (b) and supported on AC
structural defects. On the contrary, the supported catalysts

exhibit low degree of crystallinity, the particles are ultra

dispersive and correspondingly with higher degree of structural

defects typical of particles with superparamagnetic behavior. In

addition, the results of magnetic measurements and Mössbauer

spectra reveal a wide particles size distribution at room

temperature. In the course of reduction and catalytic test the

support protects the oxide character of the catalysts by pores

screening effect and strong interaction between the nanosized

particles and the support. The smaller difference between the

catalytic activity of all supported samples and especially

between both binary oxides compared to the corresponding

non-supported ones could be due to different ions distribution

in the spinel structure after their deposition on the activated

carbon. For the latter materials, the presence of cobalt ions,

mainly in tetrahedral position (which as mentioned above are

not responsible for the catalytic activity) could be assumed and

this supposition is also confirmed by the low value of the

inversion degree obtained in this case.

The study demonstrates as well the relation between

catalytic activity in the reaction of methanol decomposition

and the chemical composition of the catalysts. The CO

selectivity increases with the cobalt incorporation in the spinel

structure and it could be ascribed to the changes in the reaction

mechanism of methanol decomposition. In accordance with

previous investigations this follows from the noticeable

difference in chemical structures of adsorbed intermediates

formed on interaction of methanol with ions on the catalyst

surface [75]. Methoxy intermediates, which decompose to

carbon monoxide and hydrogen [76,77] could be formed on the

metal and carbides surface. On contrary, the decomposition of

methanol on iron oxide catalyst runs preferably to methane, the

latter supposing the formation of methyl containing inter-

mediates [78,79]. The direction of the process of hydroxyl –O–

H or the –C–H carbon–hydrogen bond cleavage in methanol

obviously depends on donor-acceptor properties of the catalyst
(a) iron and iron–cobalt spinel oxides after catalytic test.



surface, i.e. on its chemical nature and electronic properties

(Fermi level) which could be readily changed after the second

iron incorporation into the spinel structures or after their

deposition on the support.

4. Conclusion

Nanosized iron and iron–cobalt oxide particles supported on

activated carbon and their bulk analogues are synthesized. The

iron oxide particles are predominantly X-ray amorphous and

ultradisperse. All investigated compounds possess catalytic

activity in the reaction of methanol decomposition. The

different catalytic behavior of bulk and supported materials is

probably due to a size effect. There is significant difference in

the selectivity of all catalysts in methanol decomposition to CO

and methane. In the presence of Co the main carbon containing

product is CO, which suppose a different reaction mechanism.
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