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Abstract 

This study focuses on the synthesis of CoCuFe₂O₄ mixed ferrites supported on nanoporous carbon 

materials. The carbon supports were derived from two mixtures: a mixture of spent motor oil and 

pine wood chips (designated as AC-A), and mixture of spent motor oil and crushed coal obtained 

from the Chukurovo mine (designated as AC-B). Additionally, two types of carbon components – 

nanodiamond and graphene oxide were used for the synthesis of nanosized ceria-based hybrid 

nanocomposites. The structural and physicochemical properties of the resulting materials were 

comprehensively characterized using X-ray diffraction (XRD), nitrogen physisorption, Mössbauer 

spectroscopy, and temperature-programmed reduction (TPR) analysis. The results revealed that the 

active phase deposited on the carbon supports consists of a complex mixture of finely dispersed 

ferrite nanoparticles as well as small CeO₂ crystallites in the hybrid nanocomposites. The dispersion 

and phase composition were found to be strongly influenced by the textural properties of the 

respective carbon support. Among the investigated materials, the graphene oxide-modified 

composites exhibited superior catalytic performance for hydrogen production via methanol 

decomposition. 

Keywords: Carbon supported ferrites; Nanoporous carbon; Valorization of waste materials; Cobalt-

copper mixed ferrites; Methanol decomposition 

 

1. Introduction 

In the last decades, methanol application as an alternative efficient and ecological fuel for gas 

turbines, vehicles and fuel cells gains a considerable interest [1]. Methanol decomposition to 

hydrogen and carbon monoxide is one of the promising ways in this aspect [2,3]. Decomposed 

methanol fuel could be up to 60% more efficient than gasoline and up to 34% better than 

undecomposed methanol. Significant reduction of the CO, hydrocarbons and NOx emission in the 

experimental vehicles, burning the decomposed methanol, is established as well [4,5]. Methanol 

decomposition also seems to be suitable for application as an efficient heat pump in the industry [6,7]. 

A number of studies are being conducted worldwide on the synthesis of activated carbons from 

various raw materials, mainly focused on their use as adsorbents and catalyst supports. Today, many 

efforts are directed towards reducing the high cost of activated carbons, using various methods for 

their preparation based on various waste products as raw materials [8–12]. Activated carbons have a 
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heterogeneous micro/mesoporous structure, as well as controllable chemical properties of the surface 

due to the presence of various acidic and basic surface functional groups. Surface functional groups 

reduce the hydrophobic properties of the surface of the activated carbon, play the role of active 

centers or participate in the reaction by a bifunctional mechanism [13]. There are many studies that 

show that the properties of activated carbons can be successfully regulated by the type of raw 

material and synthesis conditions, as well as by additional treatment with various oxidizing agents. 

As a catalyst support, activated carbon has many advantages, such as high surface area, tunable pore 

structure and surface chemistry, resistance to acidic or basic media, stability at high temperatures in 

inert or reduction atmosphere, as well as ability to recover the supported active metals [14–16]. 

Activated carbon structure is developed by imperfect aromatic sheets of carbon atoms, as well as 

incompletely saturated valences and unpaired electrons on the surface [12]. This determines high 

adsorption capacity of carbon materials, especially towards polar or polarizable molecules. The 

surface functional groups, formed as a result of thermal or chemical treatments, influence the acid–

base properties of carbon surface and could be considered as potential active sites for adsorption and 

catalysis [8–12].  

At the same time, ceria is one of the most used metal oxides in various catalytic applications due 

to its intrinsic redox ability. If the size of its building crystallites decreases deep in the nanometer 

scale an increase in their specific reactivity is expected to be registered. At the same time, the 

combination of nanostructured metal oxide with carbon materials (nanodiamond or graphene oxide) 

would lead to the formation of a nanocomposite hybrid material with improved textural and 

chemical functionality [17–24]. Besides the expected increase in the specific surface area of the hybrid 

materials, the presence of oxygen-containing groups within the carbon component would ensure 

good bonding and interfacial interactions with the metal oxide component that would prevent 

agglomeration processes and could lead to the occurrence of synergistic effects, and hence to the 

appearance of new properties that differ from those of the individual components.  

Nanosized single and double metal oxides allow their wide application in various fields due to 

their high activity and unusual electronic, optical and magnetic properties. Among the new 

generation adsorbents and catalysts, magnetic nanomaterials are distinguished by high specific 

surface area, controllable morphology, high efficiency and the possibility of easy separation. There is 

evidence of the use of ferrites for the removal of phenol [25], phosphorus compounds [26], antibiotics 

[27] (tetracycline [28] and oxytetracycline [29]) from water, methanol decomposition [30–31], etc. It 

has been established that the adsorption of pollutants on ferrites and their composites is mainly 

determined by the occurrence of hydrogen bonding, π-π interaction, surface complexation, 

electrostatic interaction, chemisorption or ion exchange. Spinel ferrites can accumulate oxygen 

vacancies in their structure. This facilitates the exchange of oxygen with the environment at high 

temperatures, making them attractive for catalytic purposes [32]. In the spinel structure, metal cations 

are 4- or 6-coordinated with oxygen ions, forming tetrahedral (A) or octahedral (B) sublattices 

arranged in close packing. Changes in the nature of the metal ion and the distribution of ions in the 

A and B positions are a simple way to control the properties of spinel ferrites [33–35]. This can be 

achieved by varying the metal ion, changing the dispersion of the ferrite particles, or by depositing 

them on different supports.  

The aims of this paper are: 

i) To obtain activated carbons from spent motor oil with different surface and texture features 

due to variation in the additional precursor; 

ii) To investigate the role of the addition of two different carbon components (nanodiamond and 

graphene oxide) to the synthesis solution for the preparation of nanosized ceria hybrid 

nanocomposite materials. 

iii) The synthesized carbon materials will be modified with copper-cobalt mixed ferrites 

(CoCuFe2O4) and tested as catalysts in methanol decomposition.  
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iv) The obtained carbon materials and modified samples will be characterized by complex of 

various physicochemical methods, such as: low temperature physisorption of nitrogen, XRD, 

Moessbauer spectroscopy and TPR with hydrogen. 

v) Finally, this investigation will be focused on the possibility for fine tuning and improving 

catalyst behavior by tailoring the properties of carbon support, by varying the nature of the precursor 

and the preparation procedures. 

2. Materials and Methods 

2.1. Materials 

The activated carbons from spent motor oil and waste were synthesized according to the 

procedure described in [36]. In the beginning, two mixtures of spent motor oil and pine wood chips 

(AC-A) or crushed coal from "Chukurovo" mine (AC-B) in the proportion of 1:1 were treated with 

concentrated sulfuric acid under continuous stirring at 500 K until solidification. The obtained solid 

products were soaked in 0.1 N solution of NaOH and washed with distilled water to neutral pH. The 

next, carbonization step, modified materials were placed into ceramic crucibles covered with lids to 

prevent combustion. It was carried out at heating in air very slowly till 873 K. The obtained carbons 

after cooling and replaced in reactor were pyrolyzed in nitrogen and activated with water vapor (2 

ml.min-1). For the purpose the temperature was increased with 10 K. min-1 up to the final activation 

temperature of 973 K, followed by treatment under these conditions for 15 minutes. After cooling in 

an inert atmosphere, the produced carbons were dried at 383 K for 30 min. Thus prepared activated 

carbons were denoted as AC-A and AC-B. 

Nanodiamond (ND) powder with a particle size of 5 nm was dispersed in distilled water by 

sonication (1 h, 300 W), thus obtaining a suspension with a ND concentration of 4 mg/ml (weighed 

as dry matter). Graphene oxide (GO) was prepared as follows: 60 ml H2SO4, 10 ml H3PO4, 1g graphene 

and 3g KMnO4 were mixed in a round-bottom flask. The reaction mixture was then heated to 313 K 

and stirred for 6 h. The resulting suspension was poured onto ice and mixed with 200 ml 30% H2O2. 

The GO was decanted to neutral pH, thus obtaining a suspension with a GO concentration of 12.5 

mg/ml (weighed as dry matter). A 20 mM solution of cerium (III) nitrate (500 ml) was mixed with the 

desired amount of graphene oxide (GO) (5; 10; 20 wt.%) or (ND) (1; 5; 10 wt.%). In a closed stirrer, it 

was purged with CO2-free air (to avoid carbonates, which are undesirable) for several minutes and 

heated to 303 K. The slow addition of 20 ml of ammonia solution to adjust the pH above 10 led to the 

precipitation of cerium hydroxide. The mixture was further stirred and purged with CO2-free air until 

it transformed to CeO2 (usually after about 4-5 hours). The resulting powder was washed several 

times with deionized water and dried. GO composite samples were dried by lyophilization with 

liquid nitrogen. ND composites were dried in air at 333 K. 

The activated carbons, ceria/graphene oxide and ceria/nanodiamond-based supports were 

modified by the using incipient-wetness impregnation method with methanol solutions of 

Fe(NO3)3.9H2O, Co(NO3)2.6H2O and Cu(NO3)2.3H2O in appropriate ratios. Preliminary, the supports 

were evacuated at 333 K for 1 hour. After the impregnation procedure, the samples were dried at 

room temperature for 24 hours. The precursor decomposition was carried out in an inert atmosphere 

(N2) at 773 K for 2 hours. The metal content in the samples was 12% in all modifications, the molar 

ratio Fe/(Co+Cu) is 2, and the molar ratio Co/Cu is 1. 

2.2. Methods 

Low-temperature nitrogen physisorption analyses at 77 K were done on a Quantachrome 

Instruments NOVA 1200e (USA) apparatus. The specific surface areas (SBET) was determined from 

BET equation and the total pore volume (Vt) was evaluated by the amount of adsorbed nitrogen at 

relative pressure of 0.99. The micropore volume and area were calculated using the t-plot method. 

Powder X-ray diffraction patterns were collected on a Bruker D8 Advance diffractometer with Cu Ka 

radiation (λ=1.5406 Å) and a LynxEye detector with constant step of 0.02° 2θ and counting time of 
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17.5 s per step. The Mossbauer spectra were obtained on a Wissel (Wissenschaftliche Elektronik 

GmbH, Germany) electromechanical spectrometer using 57Co/Rh (activity z25 mCi) and a-Fe 

standards. The temperature programmed-thermogravimetric (TPR/TG) measurements were 

performed on a Setaram TG92 apparatus in a flow of H2 (Purity 5.0) in Ar (Purity 5.0, 50 vol %, total 

flow of 100 cm3min-1, and a heating rate of 5 Kmin-1).  

Methanol decomposition was performed in a flow type fixed-bed reactor using 0.055 g of 

catalyst. Argon was used as carrier gas, the methanol partial pressure was 1.57 kPa and the used 

weight hourly space velocity (WHSV) was 1.5 h-1. The catalysts were tested under temperature-

programmed regime within the temperature range of 350-770 K and a heating rate of 1 Kmin-1. The 

GC analyses were carried out on a SCION 456-GC apparatus equipped with flame ionization and 

thermoconductivity detectors, and by using PORAPAC-Q column. 

3. Results 

3.1. Low-Temperature Nitrogen Physisorption 

The low-temperature nitrogen adsorption/desorption isotherms of the obtained materials are 

presented in Figure 1 a, b, c and the corresponding textural parameters are listed in Table 1. The 

isotherms of all carbon-containing materials are characterized with gradual increase at low relative 

pressure (p/p0) and capillary condensation step above 0.5 p/p0 that give rise to a combination of types 

I and II isotherms according to IUPAC classification characteristic of micro-microporous materials 

[37]. At the same time, a H4 hysteresis loop is registered as well that often could be found with 

aggregated particles characterized with relatively large amount of interparticle meso- and 

macropores (Table 1).  
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Figure 1. Nitrogen physisorption isotherms of GOL (a), ND (b) and AC (c) modifications of the carbon 

materials. 

The use of activated carbon as a support leads in significantly higher values of specific surface 

area and total pore volume compared to ceria-graphene oxide and ceria-nanodiamond (Table 1) 

materials. This effect is probably due to the predominant microporous structure typical of activated 

carbon-based materials. The use of a support containing graphene oxide phase with a higher 

concentration (GOL 20) leads to a significant decrease in the specific surface area, probably due to 

the deposition of different sized types of metal oxides, which not only deposit in the pores of the 

starting cerium-carbon nanocomposite, but also deposit as larger crystallites on its surface and thus 

block part of the starting pores of the support. In the modifications based on the graphene oxide 

containing supports, the found increase in the total pore volume in comparison to their ND analogues 

is an indication of the higher porosity of the GOL support. 

Table 1. Nitrogen physisorption data for BET surface area (SBET, Smic), total pore volume (Vt) and micropore 

volume (Vmic) of carbon materials. 

Sample SBET, m2g-1 Smic, m2g-1 Vmic, cm3g-1 Vt, cm3g-1 

CeND1 149.2 - - 0.172 

CoCuFe2O4/CeND1 90.9 - - 0.072 

Ce ND5 150.5 - - 0.189 

CoCuFe2O4/CeND5 89.1 - - 0.073 

CeND10 166.5 - - 0.204 

CoCuFe2O4/CeND10 91.9 - - 0.082 

CeGOL5 157.7 14.2 0.006 0.741 

CoCuFe2O4/CeGOL5 94.0 - - 0.246 

Ce GOL10 163.2 11.1 0.004 0.339 

CoCuFe2O4/CeGOL10 70.0 - - 0.149 

CeGOL20 186.3 22.9 0.009 0.391 
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CoCuFe2O4/CeGOL20 56.1 - - 0.134 

AC-A 460.7 410.4 0.168 0.327 

CoCuFe2O4/AC-A 352.3 269.1 0.117 0.243 

AC-B 430.7 367.9 0.151 0.334 

CoCuFe2O4/AC-B 338.2 260.5 0.114 0.241 

3.2. Powder X-ray Diffraction (XRD) 

The XRD data for the phase composition, unit cell parameters and average crystallite size of all 

modified materials are summarized in Table 2. The powder X-ray diffraction data shows the presence 

of reflections only of the CeO2 phase [38,39] with a crystallite size of 6-8 nm for the ND and GOL 

modifications. No reflections of another metal-containing phase are registered, as well as those of 

carbon materials, which is an indication of the presence of only very finely dispersed metal oxide 

phases, and indicates the excellent dispersion of the loaded cobalt-copper ferrite phase on this type 

of support. In the activated carbon-based materials, only a (Co,Cu)Fe2O4 mixed metal oxide phase 

with an average crystallite size of 4-5 nm was registered. 

Table 2. XRD parameters of carbon materials. 

Sample Phase composition Cell parameters, Å Crystallite size, nm 

CoCuFe2O4/CeND1 CeO2, 

Cubic Fm-3m 

5.406 (2)  6 

CoCuFe2O4/CeND5 CeO2, 

Cubic Fm-3m 

5.408 (2)  7 

CoCuFe2O4/CeND10 CeO2, 

Cubic Fm-3m 

5.412 (2)  7 

CoCuFe2O4/CeGOL5 CeO2, 

Cubic Fm-3m 

5.402 (2)  6 

CoCuFe2O4/CeGOL10 CeO2, 

Cubic Fm-3m 

5.409 (1)  8 

CoCuFe2O4/CeGOL20 CeO2, 

Cubic Fm-3m 

5.407 (1)  7 

CoCuFe2O4/AC-A (Cu,Co)Fe2O4 8.40 (1) 4 

CoCuFe2O4/AC-B (Cu,Co)Fe2O4 8.409 (9) 5 

3.3. Moessbauer Spectroscopy 

Mössbauer spectroscopy was used to identify the type of iron phases and their quantification. 

The data of selected samples for the hyperfine interaction parameters - isomer shift (δ), quadrupole 

splitting (Δ) and line width (Γexp) are summarized in Table 3. The experimental spectra of all samples 

are similar and are composed of doublet and sextet components. The doublets of all modifications 

have characteristic parameters of Fe3+ in oxide phases and may be due to paramagnetic or 

superparamagnetic phases, including superparamagnetic ferrite phases with spinel structure. The 

sextet components also have typical Fe3+ parameters in a spinel-type structure due to iron in 

tetrahedral and octahedral oxygen environments. This cannot be said for Sx3 in the spectrum of the 

CoCuFe2O4/AC-B sample, which has a significant line width and is probably due to particles with a 

size close to the size of the superparamagnetic particles. It is interesting to note that the value of the 

isomeric shift of Sx2 in sample B is higher than that typical for Fe3+, but is characteristic of iron ions 

in the octahedral lattice of magnetite. In fact, in the octahedral sublattice of magnetite there are Fe3+ 
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ions and Fe2+ ions, but due to the presence of electron exchange and the inability to distinguish them, 

they are combined into a sextet component, corresponding conditionally to an oxidation state of iron 

of 2.5+ [40,41]. The particle size in the samples can be judged by the relative weight of the 

superparamagnetic doublet in the spectra, other things being equal. Therefore, by average particle 

size the samples should be arranged in the order: B > A. (The latter is valid only if the crystalline 

phases in the two modified activated carbon samples are the same, i.e. the spectra depend only on 

the size effect). 

Table 3. Moessbauer parameters of the carbon materials. 

Sample Components δ, 

mm/s 

Δ (2ε), 

mm/s 

Bhf, 

T 

Γexp, 

mm/s 

G, 

% 

CoCuFe2O4/CeND10 Db -  Fe3+ 

Sx1 -  Fe3+tetra 

Sx2 -  Fe3+octa 

0.31 

0.25 

0.31 

0.85 

0.00 

0.00 

- 

42.9 

47.9 

0.58 

0.80 

0.99 

78 

8 

14 

CoCuFe2O4/CeGOL10 Db -  Fe3+ 

Sx1 -  Fe3+tetra 

Sx2 -  Fe3+octa 

0.30 

0.29 

0.33 

0.89 

0.00 

0.00 

- 

40.4 

46.6 

0.57 

1.00 

1.10 

78 

6 

16 

CoCuFe2O4/AC-A Db -  Fe3+ 

Sx1 -  Fe3+tetra 

Sx2 -  Fe3+octa 

0.29 

0.30 

0.36 

0.87 

0.00 

0.00 

- 

47.0 

43.0 

0.80 

1.20 

2.00 

71 

4 

25 

CoCuFe2O4/AC-B Db -  Fe3+ 

Sx1 -  Fe3+tetra 

Sx2 -  Fe3+octa 

Sx3 -  Fe3+ 

0.29 

0.29 

0.45 

0.31 

0.85 

0.00 

-0.06 

0.03 

- 

47.8 

42.5 

33.1 

0.78 

0.79 

1.17 

2.57 

28 

8 

11 

53 

3.4. Temperature Programmed Reduction-Thermo-Gravimetric (TPR–TG) Experiments 

In the Figure 2 shows the reduction transformations in the obtained modifications of the 

nanocomposite hybrid materials, which were investigated using temperature-programmed 

reduction with hydrogen.  
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Figure 2. TPR-DTG profiles of ND and GOL (a) and AC (b) modifications of the carbon materials. 

The TPR-TG profiles of the ND and GOL modifications show an almost constant weight loss in 

the 400-773 K range. All modifications exhibited two well-defined reduction effects with maxima in 

the range 430-490 K. According to the literature [42], these effects correspond to the reduction of well 

dispersed CuO phase and we also assign it to the reduction of the copper phase within the samples. 

However, these effects are two big, which means that the reduction of the copper facilitates also the 

reduction of cobalt and iron oxides present in these samples. The further and not well defined weight 

loss could be ascribed to the reduction of not readily reducible cobalt- and iron oxide phases. This 

assumption is in accordance with [43], where the broad peak in the range of after 575 K could be 

ascribed to the reduction of Fe3+ to Fe2+ [44]. The peaks associated with the reduction of cobalt Co3O4 

(Co3O4→CoO) and iron Fe2O3 (Fe2O3→Fe3O4→Fe) particles (593K and 789K) [43] were not recorded. 

The reduction effects of activated carbon-based modifications are different. In these samples, that 

were studied in the 400-873 K range, we observe also two reduction effects with maxima at around 

475 K and 763 K, however, the high-temperature one is very broad. The first effect is probably due to 

the reduction of well dispersed CuO, and the second high-temperature effect is due to the reduction 

of cobalt- and iron oxide from the mixed-oxide spinel phase (Table 2, Table 3), where larger spinnel 

and iron oxide particles were found. In conclusion we can say the results clearly indicated the 

presence of synergetic interaction between the loaded different metal oxide species, which in 

accordance with XRD and Moessbauer data may be due to the close contact and good dispersion of 

the various oxide phases, especially in the case of ND- and GOL modifications. 

3.5. Catalytic Test 

The temperature dependencies of methanol decomposition on various modifications in the 

temperature range of 550–750 K are presented in Figure 3 a, b.  
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Figure 3. Methanol decomposition conversion (a) and selectivity (b) of the carbon materials. 

The catalytic activity was observed above 500 K and hydrogen and CO are the main registered 

products, however a small amount of methane (up to 4-6%) and CO2 (up to 8-10%) are also detected 

as by-products for all materials. Ceria-GOL and ceria-ND modifications show catalytic activity 

reaching 45% of conversion in the range 500-570 K, where the activated carbon modifications do not 

show catalytic conversion. We could assign this effect to the facilitated reduction found for the former 

materials (see TPR data). However, above 600 K, both activated carbon ferrite modifications show a 

steep rise in the catalytic activity which exceeds the one registered for the ceria-ND catalysts. The 

highest activity and selectivity is registered for catalysts based on ceria-graphene oxide support. The 

BET (Table 1) analysis showed the presence of the higher porosity for these materials that could lead 

to higher dispersion (Table 2) that are readily reducible (Figure 2) and better exposed to the methanol. 

For AC modifications, we already assumed that the significant decrease in the microporosity (Table 

1) of the carbon support (AC) after the modification with ferrites could be due to either blocking by 

deposition of the metal oxide species within the micropores or to a simultaneous formation of oxide 

particles on the external carbon surface. This leads the formation of both active ferrite species that are 

not accessible to the reactants and larger spinel mixed oxide phase (XRD, Moessbauer) that are more 

difficult to reduce and are active just at elevated reaction temperatures. 

4. Conclusions 

The activated carbons, ceria/graphene oxide and ceria/nanodiamond materials were used as 

supports of copper-cobalt ferrite oxide phase loaded by the using incipient-wetness impregnation 

method. The catalysis composition and the distribution of the metal ions in the spinel sub-lattices and 

the related redox and catalytic properties depend on the texture and composition of the used carbon-

containing supports. They could be easily tuned by a variation in the additional precursor in case of 

the activated carbons and by the amount of graphene oxide or nanodiamond in the hybrid 

nanocomposites. The use of a CeO2-graphene oxide support provides the formation of a higher 

porosity in the modifications and leads to higher catalytic activity due to the improved dispersion 

and hence facilitated reducibility of the loaded metal oxide phase as well as better accessibility of the 

active species to the reactants. 
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AC-A activated carbons - spent motor oil and pine wood chips 

AC-B activated carbons - spent motor oil and crushed coal from "Chukurovo" mine 

ND Nanodiamond powder 

GOL Graphene oxide 
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