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 Topic A 

A01 

A Thermodynamic Approach to the Design of Ameliorant Formulations for 

Transition Metal-Contaminated Soils  
 

A. Kovacheva, R. Gergulova, R. Ilieva, S. Kamburov and D. Rabadjieva  

Institute of General and Inorganic Chemistry, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria 

E-mail: antonina1975@abv.bg  

 

Keywords:  Thermodynamic approach, Polluted soils, Trace metals, Ameliorants 

 

Soil is the main accumulator of transition metals emitted into the environment as a result of 

anthropogenic activities. One of the most widely used ways to remediate soils is to treat them 

with appropriate ameliorants which promote the passage of transition metals into less soluble 

forms and thus limit their bioavailability.  

In the present study, the possibility of applying a thermodynamic approach for the selection 

and evaluation of the effectiveness of various ameliorants for soil remediation is shown. Subject of 

the case study are soils from the regions of the towns of Luki and Rudozem, as well as those near 

the plant for non-ferrous metals Plovdiv 2000 AD. Analytical data show that the concentrations of 

Ni, Cu, Zn, Cd and Pb in the soils exceed by a factor between 1.01 and 3.32 their normalized by 

Bulgarian legislation values. 

Suitable ameliorants were selected by evaluation the solubility products of Ni, Cu, Zn, Cd and 

Pb hydroxides, carbonates, sulfates and phosphates. The saturation index, SI = log (IAP/K) (IAP is 

the product of ion activity and K is the solubility product of solid phases) were used as a criterion 

for the running of initiated crystallization/precipitation processes. The calculations were made 

while varying the type and quantity of the ameliorant.  

The results showed that calcium compounds (CaO, Ca(OH)2, CaCO3, Ca3(PO4)2(am) or 

CaSO4.2H2O), as well as struvite (NH4MgPO4·6H2O) are the most suitable ameliorants. From a 

thermodynamic point of view, the best results were obtained when treating the transition metal-

contaminated soils with CaCO3 at a molar quantitative ratio of ameliorant/ 

∑(Cd2++Cu2++Ni2++Pb2++Zn2+) in the soils of the order of 150/1. The content of Cd2+, Cu2+, Ni2+ and 

Pb2+ was reduced between 92 and 99%. Reduction of Zn content was not calculated in any case, 

due to the higher solubility of zinc compounds compared to those of the other elements we 

investigated.  

Acknowledgements: This work has been carried out in the framework of the National Science Program 

"Environmental Protection and Reduction of Risks of Adverse Events and Natural Disasters", approved by 

the Resolution of the Council of Ministers № 577/17.08.2018 and supported by the Ministry of Education 

and Science (MES) of Bulgaria (Agreement № Д01-279/03.12.2021). The authors are grateful to the project 

Д01-272/02.10.2020, for the opportunity to disseminate the results.  
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  Topic A 

A02 

Catalytic oxidation of propane and n-hexane over cobalt loaded hierarchical ZSM-5 

zeolite 

 

Bozhidar Grahovski1, Iliyana Hristova1, Hristo Kolev1, Silviya Todorova1, Ralitsa Velinova2 and Anton 

Naydenov2 

1 Institute of Catalysis, Bulgarian Academy of Sciences, Acad. G. Bonchev St., Bldg. 11, 1113 Sofia, 

Bulgaria 
2Institute of General and Inorganic Chemistry, Bulgarian Academy of Sciences, Acad. G. Bonchev 

St., Bldg. 11, 1113 Sofia, Bulgaria  

E-mail: grahovski@ic.bas.bg 

 

Keywords: VOCs ,ZSM-5 zeolite,Catalysts supports, Propane, n-hexane     

 

In recent years, the attention of scientists has focused on the use of zeolites as catalysts 

supports due to their thermal and acid stability and moisture resistance. They have high specific 

surface area which is a prerequisite for the creation of active catalytic systems. Metals and metal 

oxides can be deposited on them as highly dispersed nanoparticles and thus create active catalytic 

systems in which a large number of active centers are accessible to the reagents in the catalytic 

processes. One of the best adsorbents and supports for catalytic systems used for the degradation 

of VOCs are zeolite aluminosilicates, thanks to their adjustable surface properties, their 

controllable hydrophobicity and the ability to deposit metals and metal oxides. 

Zeolite ZSM-5 is a well-known high silicon crystalline alumosilicate with wide area of 

applications as catalyst and sorbent. Although belonging to the group of medium porous zeolites, 

ZSM-5 has a relatively high resistance to coke formation. The treatment of the zeolites with HF 

acid in combination with NH4F is an easily controllable chemical approach to creating hierarchical 

zeolites. In our previous investigations we found that cobalt supported on  the zeolite ZSM-5 with  

different Si/Al ratios 100, 40 and 23 is promising catalysts for the reaction of complete oxidation of 

propane, butane and  n-hexane.In this work we present the VOC oxidation of cobalt modified 

ZSM-5 after fluoride etching post-synthetic treatment. Post-synthetic treatments were performed 

with hydrofluoric acid in combination with ammonium fluoride to form some additional porosity 

without changing considerably the Si/Al ratio of the zeolite framework. In our previous 

investigations we found that cobalt supported on the zeolite ZSM-5 with different Si/Al ratios 100, 

40 and 23 is promising catalysts for the reaction of complete oxidation of propane, butane and n-

hexane.  

The ZSM-5 zeolites were modified by etching using an aqueous solution of 0,25М HF 

hydrofluoric acid and ammonium fluoride. Cobalt was incorporated from Co(CH3COO)2.4H2O by 

incipient wetness impregnation technique followed by drying and calcinations. The obtained 

materials were characterized by BET, XRD, UV-vis, XPS, TPR and tested in complete oxidation of n-

hexane and propane. 
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The X-ray pattern for the starting sample contains all signals corresponding to the ZSM-5 

phase with a high degree of crystallinity. According to the XRD data the crystallinity and structural 

of the acidic treated zeolite show that the characteristics are preserved in hierarchical samples. No 

cobalt oxide diffraction lines in the XRD spectra of Co modified samples were observed, indicating 

fine dispersion of cobalt oxides. The results of nitrogen adsorption/desorption isotherms were 

used to obtain the specific surface areas and pore sizes of the initial and modified catalysts. 

After the etching process, changes in the textural properties (specific surface area and pore 

volume) of the treated sample were observed. As a result of the applied acidic treatment, 

decreasing of the specific surface area and micropore volume was observed, while the total 

volume of the pores increased, and this is more noticeable for the sample Si/Al=50. The formation 

of different cobalt oxide species would be suggested from TPR data: extra framework Co3O4; CoO 

strongly interacting with zeolite framework and framework cobalt or some other types of cobalt 

silicate.Catalytic tests of complete oxidation of propane and n-hexane were carried out on 

samples of Co-ZSM-5 with different ratios of Si/Al=23, Si/Al=40 and Si/Al=50 after treatment with a 

hydrofluoric acid buffer solution and ammonium fluoride. The results show that the treatment 

with a buffer solution of hydrofluoric acid and ammonium fluoride does not affect the catalytic 

activity in the case of propane for the samples with the ratio Si/Al=23 and Si/Al=40, in contrast to 

the sample Si/ Al=50 where an improvement in activity is observed. The studies regarding n-

hexane show that the treatment improves the catalytic activity in all the investigated cases, and 

the most noticeable effect is observed in the sample with a ratio of Si/Al=50. The sample with 

Si/Al=50 ratio showed good thermal stability. 

Acknowledgements: The authors express their gratitude to the National Science Fund of Bulgaria for the 

financial support under the Contract КП-06-Н49/4. 
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  Topic A 

A03 

Preparation of 3D graphene-based monolith material as prospective CO2 

adsorbent 
 

Diana Kichukova, Ventsislav Tumbalev, Nikolay Marinkov, Daniela Kovacheva and Ivanka Spassova  

Institute of General and Inorganic Chemistry, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria 

E-mail: ispasova@svr.igic.bas.bg 

 

Keywords: graphene-based material, monolith, CO2 adsorption, adsorption heat. 

 

3D graphene-based materials (GBM) combine micro-, meso- and macropores in such way 

that micro- and mesoporosity provide a high specific surface area, while macroporosity ensures 

accessibility to this surface. The main benefit is that the 3D network prevents the aggregation of 

particles and ensures mass transport, as due to the increased accessibility to the active centres the 

productivity of the process is improved, allowing for more efficient operation of the nanoparticles 

in the ecological application. Important advantage of 3D GBM is the integrated morphology of the 

monolith, which prevents the release of graphene nanosheets and their risk to the environment. 

Some GO and 3D-GBMs have shown an increased ability to adsorb CO2 compared to many other 

carbon-based materials. The high activity of 3D-GBM for adsorption of gaseous pollutants can be 

attributed to two factors. The first is related to the main characteristics of the 3D-GBM material, 

including its specific surface area, with a large number of adsorption centers and the porous 

structure providing fast and flexible transport routes.  

Graphene oxide (GO) was synthesized by a Tour method from synthetic graphite (Johnson 

Mattey). The exfoliation of graphite oxide to GO sheets was performed by sonication of the GO 

suspension for 1h. For the monolith preparation a mixture of GO suspension (25 mg/ml) and of 

PVA solution (g/ml) in a ratio 2:1 was placed in a closed teflon dish and treated hydrothermally at 

160oC for 40h. Additional thermal treatment was made for 3h at 600oC in Ar-flow. The obtained 

material is hard but porous 3D-monolith body. The material is characterized by XRD, low 

temperature nitrogen adsorption, SEM and Raman spectroscopy. The adsorption isotherms and 

kinetics of CO2 were measured using a static volumetric analysis. Isotherms were obtained at two 

temperatures for the purpose of determining heats of adsorption. 

XRD analyses show the transformation of GO to RGO during the monolith preparation. The 

specific surface area of the material is 49 m2/g. SEM micrographs on Fig. 1 show a porous 3D 

structure that consists of arranged graphene sheets. The images in higher magnification reveal no 

changes of the typical graphene morphology and show the overlapping layers with wrinkles and 

ripples at the edges that can prevent the graphene aggregations to stabilize the graphene 

interlayer structure.  
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Figure 1. Images of a) SEM of GO; b) picture of the monolith body; c) and d) SEM of the monolith at different 

magnifications. 

The adsorption isotherms of CO2 at 0oC and 30oC and pressure up to 100 kPa show no 

hysteresis, indicating the complete elimination of the adsorbed CO2 molecules from the pores. The 

isotherms are with modest curvatures that suggest good regenerability of the adsorbent. 

Adsorption capacity of the monolith, as one of the major properties of the adsorbent is 2.4 

mmol/g at 100 kPa and 0ºC, that is comparable to some published results [1]. The heat of 

adsorption decrease as the surface coverage increases within the experimental range, which can 

be attributed to the decrease in the interaction between the adsorbate molecules and the surface 

with increasing loading. The values of the heat of adsorption obtained (lower than 55 KJ/mol) 

reveal that the CO2 adsorption on the surface of the synthesised monolith is physical. The results 

are encouraging for further preparation of similar materials for the purpose, probably promoted 

by alkali metals or basic functional groups. 
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Photocatalytic seminconductor films find application in many high-priority technologies: e.g., 

removal of organic pollutants; in fabrication of self-cleaning surfaces; in photoelectrochemical 

(PEC) cells for water splitting and “green” hydrogen production or photoreduction of CO2 to fuels, 

etc. Usually, such films are based on wide-bandgap semiconductor materials (such as TiO2, ZnO) 

which upon absorption of light quanta generate excited states – excitons, consisting of mobile 

photoexcited electrons and positively charged “holes”. At the catalyst surface these 

photogenerated charges may participate in redox processes with adsorbed molecules, leading to 

their chemical transformation, which is main mechanism of the photocatalytic action. A major 

challenge in semiconductor photocatalysis is the low ratio between absorbed photons and 

successful chemical transformations on a given surface area. A promising approach to solve this 

issue, and improve quantum yield, is based on surface functionalization of the photocatalyst with 

cocatalysts – materials (most often noble metals or transition metal oxides), that can 

preferentially accumulate only one of the two photogenerated charges, by forming a 

heterojunction with the photocatalyst. This leads to improved efficiency by effectively splitting the 

exciton and limiting its recombination and additionally can selectively promote only oxidation- or 

reduction reactions on the cocatalyst surface. 

In this work, semiconductor (ZnO, TiO2) films are prepared by sol-gel method.  The samples 

are deposited on glass substrates using dip-coating technique. The thin films are surface-modified 

with Ag co-catalyst layers via photo-fixation of Ag+ (10-3 M) in water phase under UV- illumination. 

The samples are characterized by Scanning Electron Microscopy, X-Ray Photoelectron 

Spectroscopy and UV-vis spectroscopy techniques. The structural properties of the semiconductor 

catalysts do not change when photofixed with silver. An enhancement effect of the photocatalytic 

activity is observed in the Ag - modified ZnO and TiO2 films. All characterization techniques show 

formation of surface-bound Ag (I) species. The photocatalytic activities of as-prepared and silver 

fixed semiconductor films are evaluated by measuring the degradation of Methylene Blue dye 

under UV-light illumination. The experimental results in both cases show that the modified films 

have higher photocatalytic efficiency and faster degradation of the dye. 
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Single crystals from Li2CaGeO4, Ca2GeO4 and Ca5Ge3O11 doped by Eu3+, Tb3+ and Dy3+ rare 

earth ions are grown by the flux method using Li2O.MoO3 as solvent for Li2CaGeO4 and Na2O.B2O3 

as solvent for Ca5Ge3O11 and Ca2GeO4. Single crystal growth was realized in platinum crucibles by 

slow cooling of the obtained homogeneous solutions with a rate of 2°C per day for 10 days. With 

appropriate temperature distribution in the solution, the crystallization took place in the center of 

the solution surface on a platinum probe immersed in the solution. Crystals with dimension up to 

1 mm were obtained. 

The rare earth doped crystals possess the structure of the pure compounds published in the 

literature. In all of the cases the cell volumes are slightly reduced after partially substitution of Ca2+ 

by Eu3+, Tb3+ or Dy3+. The ionic radii of RE3+ ions in different coordination  are closed and smaller to 

that of Ca2+ and very different from that of Ge(VI) – 0.53 Å and Li(VI) – 0.76 Å,  so it is expected 

that the Re3+  would prefer to substitute the calcium ion in the crystal lattice and the observed 

reduce in the cell volumes are expected. 

The europium distribution coefficients, calculated as: C(Eu3+)crystal/C(Eu3+)solution, where C is 

the concentration of the Eu3+ in the crystals and in the solution, are 0.25, 1.0 and 2.46 for 

Li2CaGeO4, Ca2GeO4 and Ca5Ge3O11. The terbium distribution coefficients are 0.55, 0.70 and 0.85 

and the dysprosium distribution coefficients are 0.15, 0.65 and 1.30 for Li2CaGeO4, Ca2GeO4 and 

Ca5Ge3O11 respectively. 

The position of RE3+, the distances Ca-O, the distances between substituted Ca2+ ions as well 

as the degree of polyhedral distortion could influence the fluorescence behavior. 

Europium ion is known to be used as a probe for structural studies. Therefore, compounds 

doped by Eu3+ were investigated in more detail. In the case of Eu3+ doped samples the structural 

analyzes show that Ca2+ occupies one position in Li2CaGeO4 in dodecahedral coordination. The 

mean Ca-O distance is 2.5625 Å, the distance Ca-Ca is 4.908 Å and the degree of distortion is 

0.06919. Calcium in Ca2GeO4 occupies two independent positions in six oxygen coordination, one 

of which is near to trigonal prism and the other is distorted octahedron. The structural 

investigation shows that the Eu3+ substituted Ca1 mainly in the octahedral position. 92% from Eu3+ 
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is located in this position and only 8% substitutes in position Ca2. The mean Ca1-O distance is 

2.385 Å, the distance Ca1-Ca1 is 3.366 Å and the degree of distortion of Ca1-O polyhedral is 

0.0243. Eu3+ doped Ca5Ge3O11 crystalize in space group C2/m. There are four Ca independent 

positions in C2/m space group. Three of them are distorted trigonal prism and one is octahedral. 

The structural investigation shows that the Eu3+ substituted mainly Ca1 position. About 91% from 

Eu3+ is in this position another 5% are in position Ca2 and 4% are in position Ca3. Ca4 polyhedron 

is not full occupied and there is not Eu3+ in this position. The mean Ca1-O distance in the 

Ca5Ge3O11 is 2.369 Å, the distance Ca1-Ca1 is 3.510 Å and the degree of distortion of Ca1-O 

polyhedron is 0.01436. According to the structural description Eu3+ occupy one position in 

Li2CaGeO4, two positions in Ca2GeO4 and tree positions in Ca5Ge3O11, which correlated well with 

the spectra of the compounds.  In the last two cases more than 90% of the Eu3+ take place in one 

position and the rest are in another one or two positions respectively for Ca2GeO4 and Ca5Ge3O11. 

The results for terbium or dysprosium doped single crystals are similar. 

CIE coordinates of the Tb3+ doped Li2CaGeO4 and Ca5Ge3O11 single crystals are placed in the 

blue and green region of the color space respectively. Probably the low terbium concentration in 

Li2CaGeO4 gives the possibility for observing the blue luminescence of Tb3+ ion. CIE coordinates of 

the Eu3+ doped for Li2CaGeO4, Ca2GeO4 and Ca5Ge3O11 single crystals are placed in the red region 

close to the standard red chromaticity coordinates (0.6270, 0.3726). CIE coordinates of the Dy3+ 

doped Li2CaGeO4 and Ca2GeO4 single crystals are placed in the yellow region because the Dy3+ ion 

is located in a low symmetry site without inversion center. 
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The energy band structure of graphene is unique with its linear and vanishing density of 

states about the Dirac point which makes it extremely sensitive to chemical gating because the 

Fermi level changes largely with small changes in carrier concentration. The latter can be caused 

by adsorbed molecules donating or withdrawing electrons. It has been shown that since single 

layer graphene sensors have every atom exposed at the surface, they have the potential of high 

sensitivity, down to single molecule detection at low power and room temperature. Sensors based 

on graphene are capable of detecting individual events when a gas molecule attaches to or 

detaches from a graphene surface. The adsorbed molecules change the local carrier concentration 

in graphene, which leads to step-like changes in resistance. The achieved sensitivity is also due to 

the fact that graphene is an exceptionally low-noise material electronically. Sensors utilizing 

epitaxial graphene on SiC have the potential to avoid graphene transfer and its subsequent 

placement on a desired substrate which is a mandatory procedure in the case of any other type of 

graphene, so, simpler and more reproducible devices can be produced. However, the mas- 

production of graphene (and graphene/ SiC detectors, respectively) is hampered by the high cost 

of single-crystalline SiC substrates and hetero-epitaxial SiC / Cu structures as well. 

The hetero-epitaxial deposition of SiC on Si substrates is performed by CVD processes using 

two precursors: a carbon- containing precursor (usually CH4) and a Si- containing precursor 

(trichlorsilane SiHCl3 or similar) or metal organic compounds for atomic layer deposition systems. 

There are no published data in the literature on the synthesis of SiC on a Si substrate by direct 

carbonization of the silicon substrate. Our experiments are aimed at such a technical solution, 

because it has many advantages, the main of which is that it can be carried out in the reactor, in 

which graphene will be subsequently deposited. The process is carried out in a PECVD reactor- 

Oxford Nanofab Plasmalab System 100 at temperatures of about (1130- 1150)0C.  

The X-ray photoelectron spectroscopy method is used for identification of SiC layer on top 

of Si substrate as first step in formation of graphene/SiC/Si structure.  
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A large variety of waste adsorbents has been examined for their ability to remove different 

types of pollutants from wastewater. These materials are low-cost and easily available and their 

utilization is a problem of essential importance in order to minimize waste products. 

On the other hand copper pollution is generated from many industrial sources, which have 

resulted in an accumulation of large quantities of liquid effluents with high levels of these toxic 

ions. Therefore it is of greаt significance to remоve or reduce the cоncentrаtion of copper ions 

befоre their dischаrge into аquаtic envirоnmеnts. 

In the present study a material based on the distillation waste of Melissa officinalis L. is 

investigated as biosorbent towards copper(II) ions. For characterization of the material´s surface 

BET, SEM, EDS, FTIR and XPS methods were applied. The effects of acidity, contact time and initial 

metal concentration on Cu(II) removal were investigated by the batch method. Equilibrium 

experimental data were fitted to linear Langmuir, Freundlich and Dubinin-Radushkevich isotherm 

models. Desorption experiments were also carried out.  

The studies showed that the optimum pH value was about 4. The adsorption equilibrium was 

achieved within two minutes, which suggests an excellent affinity of the material towards Cu(II) 

ions in aqueous media. The Freundlich isotherm most adequately described the adsorption 

process. The maximum adsorption capacity was found to be 47.66 mg g-1. Thus it was established 

that the investigated waste material could be used for effective removal of copper ions from real 

environmental water sample. The efficiency of the sorbent using real polluted industrial water was 

verified. The eluting agents 1M HNO3 and 0.1М EDTA showed higher and equal desorption 

efficiency of 100%.  
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The surface composition and chemical state of NiOx films were determined by X-ray 

photoelectron spectroscopy (XPS). Transparent and conductive films of NiOx were deposited by 

sol-gel technology. NiOx films were obtained by spin coating on Si substrates. The surface 

properties and electronic structure were studied as a function of the annealing temperatures at 

200°C and 400°C.  

The measurements were carried out on AXIS Supra electron spectrometer (Kratos 

Analytical Ltd., UK) using achromatic AlKα radiation with a photon energy of 1486,6 eV and charge 

neutralisation system. The binding energies (BE) were determined with an accuracy of ±0,1 eV. 

The chemical composition in the depth of the films is determined monitoring the areas and 

binding energies of C1s, O1s and Ni2p photoelectron peaks. Using the commercial data processing 

software of Kratos Analytical Ltd. the concentrations of the different chemical elements (in atomic 

%) were calculated by normalizing the areas of the photoelectron peaks to their relative sensitivity 

factors. 

XPS analysis reveals that no appearance of metallic Nio and that the NiOx films consist of 

two phases NiO and Ni2O3. The annealing at higher temperature (400oC) indicates an increase in 

the amount of nickel, resulting in a raise of the peak area corresponding to the Ni3+ oxidation 

state. The presence of Ni3+ state contributes to p-type conductivity of the films.  
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 Renewable agricultural residues, a by-product of the cereal processing industry, are 

produced on a large scale as waste.  The granular structure of the rice and einkorn husks, their 

phase composition, chemical stability, water resistance and high mechanical strength make them 

suitable for preparing valuable natural sorbents. The present study investigated the synthesis and 

characterization of modified cellulosic biosorbents based on rice husks (RH) and einkorn husks 

(EH). The preparation of novel biosorbents consisted of two main stages: removal of hemicellulose 

and lignin from RH and EH and modification of the obtained cellulosic materials with N, N-

dimethyl-1- octadecylamine. Instrumental methods such as XRD, DTA, FTIR, SEM as well as low-

temperature nitrogen adsorption are used for their characterization. The TGA curves clearly show 

complete lignin extraction as a result of treatment of the husks with NaOH and NaHSO3. XRD 

patterns before and after bleaching show the crystallization peaks typical of cellulose are 

observed. After modification of the cellulosic materials with N, N-dimethyl-1- octadecylamine, 

these peaks disappeared and a new peak is registered. The alkali treatment and the introduction 

of amino groups lead to partial destruction of the crystalline structure of the cellulose. A process 

of replacement of the hydroxyl groups in the cellulose molecule is carried out. The modification 

also led to changes in the FTIR spectra of the both cellulosic materials. The appearance of the two 

new bands, typical of N, N-dimethyl-1-octadecylamine at 2922 cm-1 and 2853 cm-1, is an indication 

of its incorporation into the cellulose structure. SEM analysis revealed that the process of 

modification led to a drastic change in the surface morphology of both raw samples.  The data 

obtained from low-temperature nitrogen adsorption/desorption curves showed that the modified 

materials are mesoporous with relatively small specific surface area. The results of the 

characterization of the modified cellulosic materials prove that they have good potential as 

sorbents for purification of contaminated waters. 
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The steady increasing levels of anthropogenic emissions of carbon dioxide (CO2) into the 

atmosphere are one of the most significant environmental problems for our society. Thus, the 

control of CO2 amount is considered a challenging research topic. Current CO2 capture 

technologies comprise the use of porous solid–state materials that have exceptionally high 

chemical stability, increased CO2 adsorption capabilities, and fast sorption kinetics. In this context, 

various porous materials with appropriate structural and chemical properties including different 

type of zeolites have been widely investigated for CO2 capture. In particular, the hydrophobic 

zeolites with high Si/Al ratio have shown great potential as efficient adsorbents for separation and 

purification processes due to their excellent hydrothermal stability. The higher degree of 

hydrophobicity is directly dependent on the lower aluminum content. Large pore high-silica 

zeolites with high degree of hydrophobicity and high CO2 adsorption capacity can be produced 

through post-synthesis dealumination that involve reaction with mineral acids, isomorphous 

substitution of framework aluminium by silicon atoms or hydrothermal treatments combined with 

acid leaching. The experimental conditions appear critical and must be systematically adjusted in 

order to preserve the high degree of porosity and integrity of the crystallinity. 

In our work, the effect of selective removal of Al metal atoms from the [Al]BEA framework 

was studied by employing BEA zeolite with substantially different porosity and composition with 

different Si/Al ratio. Delamination of the parent [Al]BEA (Si/Al ≈13.5) was performed using acid 

leaching (nitric acid 13 M) solution at 353 K for 4 h. The newly prepared [Si]BEA zeolite thus 

obtained is highly crystalline and has numerous vacant nests with siliceous-rich (Si/Al >1300) 

framework. The higher Al content in the parent material dictates the formation of mesoporous 

channels with larger dimensions (∼ 14 nm). In contrast, with the [Si]BEA the aluminium ions 

occupancy is much lower and this creates the contraction of the zeolite matrix. Thus, [Si]BEA 

mainly consists of mesoporous channels with smaller dimensions (∼ 7 nm) and higher micropore 

volume. The enhanced surface area after delamination is attributed to the presence of numerous 

vacant nests when a majority of the siliceous-rich framework space volume is free of the 

aluminium component.  
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Figure 1. FTIR spectra in the ν(CO2) stretching region of adsorbed CO2 at ambient temperature on fully dehydrated and 

hydrated [Si]BEA (A) and [Al]BEA (B). 

 

The CO2 adsorption isotherms clearly demonstrated that the dealumination of the parent 

[Al]BEA material offers an excellent alternative for the preparation of adsorbent for efficient CO2 

capture. The achieved CO2 adsorption capacity of ca. 3.7 mmol g–1 CO2 at 287 K and 100 kPa is 

comparable with other well–established CO2 adsorbents. The CO2 adsorption kinetic is 

substantially faster on the dealuminated BEA and the rate profile within the relative equilibrium 

pressure interval of 0–100 kPa is characterized by a steeper rise compared to that of the parent 

material.  

In situ FTIR spectroscopy of adsorbed CO2 in the presence and absence of water was 

employed to elucidate the effect of dealumination on the interaction chemistry of the obtained 

hydrophobic adsorbent with CO2 and H2O. Three probe molecules (CO, N2 and H2) were also 

utilized to assess the acidity of the samples. The studies revealed existence of external (3746 cm-1) 

and internal silanols (3737 cm−1) as well as hydroxyl nests in dealuminated BEA sample. The nests 

are characterized by a broad band around 3500 cm−1. Hydroxyls nests are characterized by a 

remarkable thermal stability and they start to decompose at temperatures higher than 723 K. As 

shown in Fig. 1A, the adsorption of CO2 on dehydrated and hydrated [Si]BEA sample leads to the 

development of a strong band in the ν(CO2) region at 2342 cm−1. In contrast to this, the interaction 

of CO2 with dehydrated [Al]BEA leads to the appearance of set of bands at 2398, 2369, 2356 and 

2346 cm−1. In the presence of pre-adsorbed water these bands are not formed and only a feature 

at 2344 cm−1 developed instead. This shows that a large part of the CO2 adsorption sites are 

blocked by pre-adsorbed water. The results also indicate that the pre-adsorbed water may reduce 

the effective pore size and may change the reference frequencies of CO2.  
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The carbon dioxide generated by industrial and energy production has been recognized as 

one of agents responsible for the global temperature rising.  One of the most prospective options 

to reduce its emissions is capture and storage. For the successful implementation materials with 

high CO2 adsorption capacity, fast kinetics, high selectivity to CO2, easy regeneration should be 

chosen. Activated carbons are porous solids with great versatility in the process of adsorption of 

CO2, as a result of both their textural properties and surface chemistry. Their properties can be 

improved by modification with suitable functional groups or metal ions. The present research is 

directed to study on the influence of the modifier zinc ferrite on the adsorption properties of 

activated carbons towards CO2. In order to develop combined system for purification of water and 

air two types of activated carbons (AC) with different textural properties and functionality after 

absorption of phenol from water were used. The ACs were modified by incipient wetness 

impregnation with methanol solution of Fe and Zn nitrates (Fe:Zn=2:1 ratio, metal content 5 and 

10 wt.%) followed by treatment in N2 at 773 K. The obtained materials were denoted as 5ABA, 

10ABA, 5Q and 10Q. The texture of parent and modified ACs was studied by nitrogen 

physissorption. Powder X-ray diffraction (XRD) study was performed and the mean crystallite sizes 

were determined. XRD analyses revealed the formation of only ZnFeO4 spinel phase for 5ABA and 

5Q, while in the case of 10ABA and 10Q ZnO appeared as a second phase. The crystallite sizes of 

the modifyer phases are in the range 8- 24 nm. It should be noted that the phases on Q AC have 

higher crystallite sizes then those on ABA AC.  

A small decrease in the specific surfaces and pore volumes is obvious for ABA-modified 

materials, while for Q-supported samples a development of the support and a secondary porosity 

is visible. 

It is known that the smaller the micropore, the stronger the CO2 adsorption potential. ACs 

materials show a wide pore size distribution and contain substantial micropores with larger than 

1.0 nm sizes, resulting in low uptake at a low CO2 pressure. The data in Table 1 and Fig. 1 show 

that the adsorption capacities of the pure and the modified ACs are in a good correlation with the 

size of the micropores, with heats of adsorption evidencing physical adsorption. The smaller 

micropores are the preferred locations for adsorption of CO2 and it could be higher for this reason. 
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The modification with zinc ferrites leads to improvement of the texture of the initial materials and 

to higher CO2 adsorption potentials, because of the effects of pore size and surface chemistry. The 

modification with 5% zinc ferrite is benefitable, due to better dispersion of the active material on 

the ACs surface and the ABA support is the more suitable support for CO2 adsorption. 

 
Table 1. Main textural parameters of the ACs and zinc ferrite modified ACs 

*Parameters of pure ACs before absorption of phenol. 

 
Figure 1. CO2 adsorption isotherms and heats of adsorption. 
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SBET 

[m2g-1] 
VTOTAL

a 

[cm3g-1] 
VMICRO

b 

[cm3g-1] 
Dav 
[nm] 

DDR 

[nm] 

 (1156)* (0.65)* (0.50)*   
Q 345 0.24 0.08 2.8 2.9 

5Q 580 0.34 0.17 2.4 1.6 

10Q 
563 

(850)* 
0.37 

(0.45)* 
0.16 

(0.34)* 2.6 
2.5 

ABA 700 0.40 0.23 2.1 1.5 

5ABA 660 0.35 0.23 2.1 1.2 

10ABA 621 0.33 0.21 2.2 1.4 
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Zinc oxide and titanium dioxide semiconductor photocatalysts have been widely utilized in 

the last few decades for water treatment because of their higher photocatalytic performance. 

Recently, most researchers are focused on the improvement of photocatalytic properties through 

modifying and co-modifying with different metals and nonmetals. These co-catalytic ions improve 

the photocatalytic activity of ZnO and TiO2 by reducing its energy band gap. This might be useful in 

wastewater treatment for the photocatalytic degradation of organic contaminants. 

In this study, Ag co-catalytic modificated ZnO and TiO2 nanostructure films are prepared 

using a sol-gel method. The photocatalytic behavior is evaluated by the degradation of Methylene 

Blue and Malachite Green under UV-light irradiation. ZnO/Ag and TiO2/Ag show faster degradation 

of MG compared to MB, due to the formation of stable intermediates by the reaction of OH 

radicals with triarylmethane dye (C=C bond) during the photocatalysis. The silver co-catalytic 

modificated films have higher photocatalytic efficiency in comparison with the pure 

nanostructures. Ag modification and the heterojunction of the composite could be contributed to 

trap and transfer the electrons, resulting in a longer lifetime of the photogenerated charges, and 

strengthened photocatalytic ability the ZnO/Ag and TiO2/Ag films. 
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Sensors based on nanostructures have higher sensitivity, relatively low operating 

temperatures, and a rapid response to detected gas compared to their bulk counterparts. This is 

due to the high active surface/volume ratio of the nanostructures, which improves the surface 

reaction kinetics by increasing the number of adsorption centers on the surface of the sensor 

layer. ZnO is one of the most promising and reliable materials for sensor applications due to its 

optimal conductivity, low cost, chemical and thermal stability, as well as its capability of being 

easily grown in a variety of nanostructures. Gas sensors based on ZnO nanostructures are used to 

detect different gases, such as CO, NO2, NH3, H2S, ethanol, acetone, hydrocarbons, human breath, 

etc. The properties of the ZnO-based gas sensor can be drastically improved by introducing a 

metal oxide dopant such as TiO2, SnO2, and etc. into the sensor layer. In other words, the 

formation of composite oxide nanostructures with specific structure and morphology can improve 

their gas-sensing performance. 

In this study, the ZnO-WO3 binary mixed oxide nanostructures were produced by Pulsed 

Laser Deposition (PLD) in view of gas sensor application. The PLD process performed in air at 

atmospheric pressure (PLD in open air or Atmospheric PLD) leads to fabrication of highly porous 

nanostructures which consisted of nanoparticles. It was found that the samples’ structure 

represented a composition of ZnO and ZnWO4 (or WO3 and ZnWO4) depending on the ZnO/WO3 

ratio used initially for the target preparation. The microstructure of the samples indicated that 

they were formed by nanoparticles with a size between 7 and 38 nm. Preliminary measurements 

of the gas sensing properties of the composite nanostructures were also performed. 
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Electron spectroscopy is one of the most widely used instrumental methods for analysis. The 

principle of operation of electron spectroscopy is based on the photoelectric effect phenomenon. 

This is a technique for studying the energy distribution of electrons emitted from a material under 

the influence of ionizing radiation. Of all the types of electron spectroscopy, X-ray Photoelectron 

Spectroscopy (XPS) finds the widest application for chemical research. XPS studies are performed 

using a photoelectron spectrometer. XPS is a non-destructive method for analysis of the surface of 

solids, which provides information on the quantity and quality of the surface composition of the 

studied materials. 

A series of nanostructured samples of ZnO, WO3, ZnO-WO3 and ZnO-NiO have been 

investigated by XPS. The used method for obtaining was Pulsed Laser Deposition (PLD). The PLD 

obtaining have been realized in open air. For the best results, the samples have been investigated 

with two equipment – AXIS Supra electron spectrometer (Kratos Analitycal Ltd., 2014) and 

ESCALAB MK II electron spectrometer (VG Scientific, 1982). 

Based on the results obtained from the XPS analyses, the chemical composition of the 

surface of the various samples have been established. The ratios of Zn/W and Zn/Ni in the 

different mixed samples have also been determined. From the detailed spectra it have been 

specified the formed compounds that build the surface of the samples.  

XPS is a suitable technique for the analysis of nanostructures of pure and composite metal 

oxides. This technique for analysis gives us information about the quantitative and qualitative 

composition of the surface of the synthesized materials, which is necessary for the development 

of technologies for the production of nanomaterials. 

Acknowledgements: The authors acknowledge the financial support of the: project “Development of 
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Ca3Co4O9 ceramic is an attractive lead-free alternative to conventional semiconductor 

materials, based on bismuth and tellurium with a practical application in converting waste heat to 

electricity, solar thermoelectric generators and refrigeration devices [1]. Ca3Co4O9 is a 

thermoelectric material representing the family of the so-called misfit layered oxides.  It consists 

of a Ca2CoO3 layer which is an insulating subsystem that maintains the charge supply for the 

conducting CoO2 layer, where both Co3+ and Co4+ ions coexist [2]. In addition to the research 

carried out on the thermoelectric properties of Ca3Co4O9, several studies have reported results 

elucidating crystal information and electronic structure [3,4]. Recently, a giant dielectric 

permittivity was measured in Ca3Co4O9 ceramic at room temperature [5]. 

In this work, we investigated and compared the structural and electrical properties of 

Ca3Co4O9 (CCO) ceramics and thin films. The CCO thin films were produced from a stoichiometric, 

in-house made CCO ceramic by pulsed laser deposition (PLD) onto (100) oriented lanthanum 

aluminate (LaAlO3, LAO) substrates.  Both the CCO ceramics and thin films were subsequently 

characterised by X-ray diffraction (XRD). To evaluate the samples’ dielectric properties, capacitor 

structures were formed. Their capacitances were measured and the corresponding permittivities 

were evaluated in a temperature range RT – 450 K.  

Both CCO ceramics and thin films were pure misfit phases.  The thin film exhibited epitaxial 

growth with preferred (00l) orientation. For the CCO ceramics, the measured dielectric 

permittivity was increasing moronically with no maximum observed at temperatures up to 450 K 

(Figure 1a). The estimated value of the dielectric permittivity ~ 5,300 measured at room 

temperature corresponds well with the values reported elsewhere [5]. Similar behaviour of the 

capacitance as a function of the temperature with a maximum at 430K was measured for the thin 

film sample (Figure 1b). Due to the small thickness of the layer, the error associated with the 

dielectric permittivity evaluation procedure is very high. Nevertheless, one could speculate that it 

is in the same order of magnitude as those of the CCO ceramic. The observed reduction of the 

phase-transition temperature is associated with the residual strain in the thin film sample 

introduced by the substrate.  

mailto:m.al-thehaiban19@imperial.ac.uk
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The observed giant dielectric behaviour makes Ca3Co4O9 a potential material for capacitor 

thermoelectric convertor device applications. 

     

a)                                                                              b) 

Figure 1 Dielectric permittivity of a Ca3Co4O9 ceramic (a) and capacitance of a Ca3Co4O9 thin film (b) as a 

function of temperature. 
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The mechanochemical method of synthesis gives an opportunity for a much cleaner and 

simple way of producing new materials. In addition to the efficiency and practicality of this 

method, it’s also recognized for its sustainability. The solvent-free nature of most 

mechanochemical protocols reduces waste production and it is just one of many reasons why 

mechanochemistry is an attractive concept for the current generation of scientists. 

Mechanochemistry allows direct preparation of nanomaterials with high surface area and 

increased concentration of surface defects without any post synthetic treatment. This makes it 

extremely suitable for preparation of heterogeneous catalysts for different catalytic reactions.  

In this work we present a case study for preparing La1-xCexFeO3 (x= 0.01 - 0.05) from 

constituent oxides in a mechanochemical manner. The obtained samples were characterized by 

several physicochemical methods such as powder XRD, TEM and N2- physisorption to obtain 

information about their possible catalytic capabilities. The results shows that the Ce(IV) 

incorporation does not affect the crystal structure of the prepared samples, but it leads to slight 

decrease of the specific surface area with increasing the cerium content. 

The catalysts performance has been evaluated by tests on combustion of butane (Figure 1). 

The results show that all the prepared catalysts have high catalytic activity towards complete 

oxidation of butane reaching 100% conversion to CO2 at ~420oC. It was observed that introduction 

of Ce (from 0.01 to 0.05) to La in the LaFeO3 does not change substantially the catalytic activity. 

Nevertheless, it may be concluded that the investigated materials can be considered as 

perspective materials for use as an active phase in preparation of environmental catalysts. 
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Figure 1. Temperature dependence of butane oxidation on La1-xCexFeO3 (x= 0.01 - 0.05) catalysts 
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Issues related to environmental pollution and multifaceted efforts to remove various 

pollutants in air, soil and water are among the current problems of scientific research in recent 

years. The problem of water pollution with organic pollutants is extremely serious, as their 

degradation is slow and ineffective. Photocatalytic degradation of pollutants can be used as one of 

the more effective methods for water purification. New visible-light-efficient catalysts are 

continuously being developed that work under various experimental conditions for the 

degradation of both organic model pollutants such as dyes and antibiotics. Subject of such studies 

are composite materials, based on LaFeO3. It is crucial to develop economical and suitable 

technologies to efficiently obtain LaFeO3-based composite materials with the desired properties. 

The present work presents the synthesis and characterization of LaFeO3-decorated carbon 

foam (CF) nanocomposites and their potential application as a catalyst for the activation of 

peroxydisulfate in a Photo-Fenton-like reaction for water purification from organic pollutants. A 

series of catalysts with different LaFeO3:carbon foam ratio were prepared by simple two-step 

process involving sol-gel preparation of LaFeO3 followed by mechanochemical coupling with the 

carbon foam prepared by thermo-chemical oxidation of coal tar pitch with nitric acid at 200 C, 

followed by carbonization at 600 C in N2, and subsequent high temperature hydropyrolysis at 

800oC. The prepared nanocomposites were characterized by several physicochemical methods 

such as powder XRD, SEM, TEM, UV-VIS spectroscopy and were tested as catalysts for photo-

Fenton-like activation of peroxydisulfate for oxidation of tetracycline hydrochloride in water as 

model pollutant. The reaction mechanism was evaluated by performing radical scavenging 

experiments. The total mineralization of the organic pollutant was estimated by performing TOC 

measurements at the end of the reaction for all composites. The results showed the superior 

catalytic activity of the prepared nanocomposites compared with the individual components 

(Figure 1.). 
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Figure 1. Tetracycline hydrochloride degradation over LaFeO3 decorated carbon foam 
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Various types of zeolites and mesoporous supports with Si/Al ratios from 20 to 50, modified 

with silver, gold, palladium, cerium and barium were investigated. The modification of the samples 

was carried out by different methods - DP, impregnation and liquid phase ion exchange. The 

resulting catalysts were characterized by physical methods: ICP, XRD and low-temperature 

nitrogen adsorption. The activity of the samples was tested in the reactions of heterogeneous-

catalytic oxidation of carbon monoxide and toluene complete catalytic combustion. The obtained 

results reveal that the activity depends on the applied method of synthesis, the acidity of the 

catalysts, the amount and type of metal deposited and the reaction conditions. The effect of the 

two promoters Ce and Ba was investigated in the catalytic combustion processes. The highest 

catalytic activity of toluene combustion over the studied catalysts (≈98% conversion) was 

observed at a temperature interval from 215 to 300°C for the mesoporous catalysts (MCM-22, 

MCM-41) modified with palladium and gold. Furthermore, CO oxidation was performed over four 

gold nanostructured catalysts and the results showed very good performance at low 

temperatures. The complete oxidation of CO over the studied catalysts was observed in the 

temperature interval from 25 to 340oC. Conversion approximately of 98% for the most active 

catalyst Au-Ce-MCM-22-30 for toluene combustion was reached at 215oC, and for CO oxidation at 

130oC, indicating that this catalyst and also the rest of noble nanostructured materials, have a high 

potential for complete oxidation of toluene and CO at low temperatures. 
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Figure 1. Complete oxidation of toluene over the studied catalysts in the range 170-300°C; 
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Figure 2. CO oxidation over the studied catalysts in the range 25-340°C. 

 

Acknowledgements: The authors thank for the possibility to present this work to the project Д01-

272/02.10.2020 - "European Network on Materials for Clean Technologies", funded by the Ministry of 

Education and Science under the National Program "European Scientific Networks". 

  



METMAT2022 

Sandanski, Bulgaria | September 07-10, 2022 

34 
 

Topic A 

A19 

The Problem with Negative Intercepts in BET-plots 

 
Plamen Nikolov , Nikola Drenchev and Petya Konova 

Institute of General and Inorganic Chemistry, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria 

E-mail: plamen@svr.igic.bas.bg 

 

Keywords: BET model, activated carbons, microporosity, surface area, adsorbents. 

 

BET method is the standard approach for calculation of specific surface area of highly 

dispersed or porous materials. The method is based on BET model of multilayer physical 

adsorption and uses the adsorption isotherm data obtained at the boiling temperature of the 

probing gas. For surface area calculation the experimental adsorption isotherm data taken in the 

relative pressure range 0.05 – 0.35 are plotted in so-called BET-plot, where y = p/[a(p0-p)] and x = 

p/p0 (here a is the adsorbed amount of gas at a given pressure p; p0 is the equilibrium pressure at 

a constant temperature). The experimental points in this plot need to fit well with a straight line 

with slope s and intercept i. According to BET model s = (C-1)/(amC) and i = 1/(amC) (here C is the 

so-called BET constant and am is the amount of gas needed for complete monolayer formation). 

The presence of micropores leads to higher values for the adsorption and therefore lower 

values for the slope and the intercept in the BET plot. However, sometimes the experimentally 

obtained BET plots have negative intercepts, what is without any physical sense as neither am, nor 

C can receive negative values. In our work we discuss the problems connected with this 

phenomenon from practical and theoretical point of view. 
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Nowadays, volatile organic compounds (VOCs) have been extensively concerned due to the 

serious environmental problems such as ozone layer depletion and the green-house effects. The 

technologies such as, absorption, photocatalysis, biological treatment, and catalytic combustion 

for the abatement of VOCs have been used for their removal [1,2]. Among them the catalytic 

combustion technology is regarded as one of the most promising methods. Several types of 

catalysts, such as supported noble metals or transition metal oxides are used in practice. 
Regarding the dispersion of the active component on the surface, the supporting material plays an 

important role. In the past few years, the attention of scientists has focused on the use of zeolites 

as catalysts supports due to their thermal and acid stability [3,4]. It is well known that they possess 

an appropriate pore structures, acidic properties and ion exchange properties. In recent years, 

ZSM-5 zeolite has been intensively used as the support in the metaloxide catalysts because of the 

lower cost, uniform pore structure, suitable acidity and high hydrothermal stability. 

In the present study the Co-ZSM-5 catalysts with Si/Al=23 (not threated) and Si/Al=50tr 

(treated with a buffer solution of hydrofluoric acid and ammonium fluoride) ratio were studied. 

The obtained materials were characterized by different instrumental methods. The studied 

samples contain both micropores and mesopores. It was observed that the applied preparation 

procedure ensured a fine dispersion of Co3O4. Regarding the surface composition, both Co2+ and 

Co3+were present on the surface. The formation of different cobalt oxide species were observed 

according to the TPR investigations.  

The catalysts performance has been evaluated by tests on combustion of propane. It was 

observed that the Co-ZSM-5 catalysts with ratio Si/Al=23 present the best catalytic performance. 

In order to evaluate the synthesized catalysts for possible practical application, the samples 

Si/Al=23 and Si/Al=50tr were thermally treated at a temperature of 4500C for 150 hours, after 

which they were tested in a reaction of complete oxidation of propane. The results of the tests 

were compared with the previous ones before the thermal aging was carried out. 
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Figure 1. Temperature dependence of propane oxidation on Co-ZSM-5 zeolites. 

As can be seen from the presented data (Figure 1), the investigated samples have good 

thermal stability, which is why they could be successfully used as catalysts for the complete 

oxidation reaction of propane. 
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Some advantages of Mg-based materials as hydrogen storage medium such as light-weight, 

high absorption capacity, good reversibility, abundance, and low cost, make them very attractive. 

The drawbacks of these materials are slow hydrogen sorption kinetics and high absorption-

desorption temperatures. Different carbon compounds, ball milled with Mg or MgH2, reduce 

hydrogen sorption temperature, improve kinetics and also prevent MgH2 particles growth upon 

ball milling and hydrogen sorption cycling. Improvement of hydrogen desorption kinetics can be 

achieved by adding Ni to Mg and the combination between the positive effect of carbon 

containing additive and Ni, could result in further improvement of hydrogen sorption properties. 

The Mg2Ni intermetallic forms Mg2NiH4 hydride at milder conditions and with improved kinetics in 

comparison to Mg and its hydrogen storage capacity is 3.6 wt. %. The subject of this study are the 

hydrogen sorption properties of the composites 80 wt% MgH2- 15 wt. % Ni- 5wt.% POW 

(synthesized from polyolefin wax- POW) [1] and 80 wt% MgH2- 15 wt. % Ni- 5wt.% ACN 

(synthesized from walnut shells- ACN) prepared by ball milling under argon atmosphere. The 

polyolefin wax and walnut shells are submitted to pyrolysis and steam activation, in order to 

prepare nanoporous carbons. Mixtures of MgH2, Ni and corresponding carbon additives, in the 

ratio of 80 wt.% MgH2- 15 wt.%Ni- 5 wt.% POW and 80 wt% MgH2- 15 wt. % Ni- 5 wt.% ACN, are 

ball milled under Ar atmosphere in a planetary mono mill Pulverisette 6 Fritsch with rotation 

speed of 200 rpm for duration of 1 h, ball to sample weight ratio 10:1 in a stainless steel vial 

(volume ca. 80 cm3) and balls with diameter 10 mm. The absorption and desorption kinetics of the 

composites are studied with volumetric Sievert’s type apparatus. The absorption measurements 

are carried out at 473 and 573 K, and a pressure 1 MPa, while desorption is investigated at T = 623 

and 573 K, and P = 0.15 MPa. The both samples are subjected to at least 10 cycles of hydriding/ 

dehydriding. After ball milling and hydriding, the composition of the samples, are monitored by 

XRD (Powder X-ray Diffractometer Bruker D8 Advance with a LynxEye detector). The obtained 

materials are examined also by TEM (ТЕМ HR STEM JEOL JEM 2100 with GATAN Orius 832 SC1000 

CCD Camera) at accelerating voltage of 200 kV. The samples are exposed briefly to air during 

transfer to the TEM holder. The kinetics curves of hydriding of both composites at 573 K and 473 K 

are presented in Fig.1. 
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Figure 1. Hydrogen absorption kinetics curves for both composites. 

The absorption capacity at 573 K is 5.3 wt. % H2 and is higher for the sample with POW 

additive. For the 80 wt% MgH2- 15 wt. % Ni- 5wt.% ACN 4.9 wt. % H2 is obtained at same 

temperature.  The hydrogen desorption capacity at 623 K and 0.15 MPa is with close value for 

both composites, but the rate of desorption is increased for the POW containing sample. The XRD 

and the SAED and HRTEM analyses after hydriding of both samples confirmed the presence of 

MgH2 as main phase, Mg2NiH4 in monoclinic and orthorhombic structure and some Mg, Ni and 

traces of MgO. The addition of Ni leads to formation of Mg2NiH4, which is favorable to the kinetics 

of absorption and desorption, but decreases the hydrogen storage capacity. 
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The binding of carbonyl, chloride and nitrosyl ligands to dicobalt and diiron disulphides and 

diselenides M2S2, M2Se2, M=Co or Fe, is studied by density functional theory. Cation binding (Li+, 

Na+, Zn2+) to mononuclear MS2, MSe2 and dinuclear clusters is also examined, as the chalcogenides 

can efficiently delocalise both positive and negative charges, making them suitable for sulphide 

energy storage materials. Ligands, particularly carbonyls, strongly affect the optical spectra and 

excitation bands and cause a significant red shift. Different isomeric structures were found: those 

containing an S-S or Se-Se bond are referred to as persulphides and perselenides. In the 

hexacarbonyl complexes, the persulphides and perselenides are more stable, with small energy 

gap between persulphides M(S2) and the disulphides MS2. Metal-metal bonds contribute to the 

stability of all complexes. The structures with separated sulphide and selenide centers are more 

active as catalysts for water splitting. The spin-forbidden singlet to-triplet excitations play a major 

role for lowering the activation barrier of the reaction, and the triplet state pathway becomes 

more favourable. Molecular electrostatic potential maps indicate that chloride ligands withdraw 

electrons from the sulphur centres and lower the probability of a nucleophilic reaction at these 

sites, Figure 1b.  

 

Figure 1. Molecular electrostatic potential (MEP) map of a) Cl-Co(S2), b) CO-Co(S2) and c) Co(S2), global minimum. 

Sulphur atoms are yellow, cobalt – red, chloride anions – green, carbon – grey, oxygen is light blue. Electrophillic area 

is golden yellow, nucleophillic areas – dark blue. Contour lines are drawn at 0.085 a.u. 
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 Currently, the major source of energy for humanity’s needs is the combustion of fossil 

fuels, which is responsible for pumping huge amounts of carbon dioxide into the atmosphere. 

Therefore, a transition to other energy sources is definitively necessary. Excluding nuclear power, 

the alternative energy sources, i.e. renewables, are intermittent and require energy storage 

equipment, mostly in the form of batteries. Battery materials with large energy density are also 

needed for the countless portable electronic devices. The components that have the greatest 

impact on the properties of batteries are the electrode materials but the currently used electrodes 

are also related to pollution issues. In order to mitigate the negative effects on ecology, more 

efficient and environmentally friendly battery technologies are required. A very promising 

alternative to the prevalent inorganic transition metal oxides as electrodes are organic materials.  

 We present a newly designed metal-organic framework (MOF) consisting of Ni(II)-nodes 

and dicyanobenzoquinone linkers. The MOF was computationally studied for Li-, Na- and Mg- 

uptake using the periodic DFT code VASP. The non-empirical PBE approximation for the exchange 

and the correlation energy was applied together with the PAW method. The changes the MOF 

undergoes during metal insertion, including structural modifications and charge transfer, were 

quantified and discussed. The electrochemical potential profiles of the lithiated, sodiated and 

magnesiated species were estimated. The calculated theoretical capacities and energy densities 

imply that the MOF has great potential for application as an electrode material for all tested 

metals.  

Acknowledgements: The study is supported by the Bulgarian National Science Fund, Project CARiM/VIHREN, 

grant KP-06-DV-6/2019 and by Project D01-272/02.10.2020 –"European Network for Materials for Clean 

Technologies", funded by the Ministry of Education and Science under the National Program "European 

Scientific Networks". 

  



METMAT2022 

Sandanski, Bulgaria | September 07-10, 2022 

41 
 

  Topic B 

B04 

Enhancing oxygen redox activity in sodium-deficient three-layered oxides: 

modeling the structure or the surface? 
 

Mariya Kalapsazova, Rositsa Kukeva, Ekaterina Zhecheva and Radostina Stoyanova 

Institute of General and Inorganic Chemistry, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria 

E-mail: maria_l_k@svr.igic.bas.bg, maria.kalapsazova@gmail.com  

 

Keywords: layered oxides, sodium-ion batteries, surface modeling, oxygen redox activity 

 

The transition to large-scale energy storage is dictated by the invention of more powerful, 

safer and cheaper batteries, which to replace the nowadays dominant technology of lithium-ion 

batteries (LIBs). The most competitive alternatives of LIBs are sodium-ion batteries. Both Li- and 

Na-batteries store energy by highly reversible intercalation reactions. Nevertheless, the specific 

capacity of electrode materials is limited by the redox properties of cationic constituents (such as 

transition metal ions Ni, Co, etc.) in their crystal structure. Recent studies have shown that it is 

possible to increase charge storage by invoking redox reactions on the lattice oxygen [1,2]. 

However, there is no unified concept how to stabilize the lattice oxygen during the 

electrochemical reaction due to the broad variety in approaches.  

Herein, we unveil the interplay between metal substitution, treatment with oxygen storage 

materials and anionic redox activity in sodium nickel manganese oxides with three-layer stacking 

(P3-Na2/3Ni1/2Mn1/2O2) during single Na+ and Li+ intercalation. As metal substituents, Mg2+ and Ti4+ 

ions were used through partial replacement of low- and high-oxidized nickel ions, respectively: 

Na2/3Ni1/3Mg1/6Mn1/2O2 and Na2/3Ni1/3Ti1/6Mn1/2O2. Furthermore, the metal-substituted oxides are 

treated with an oxygen storage material, such as CeO2. 

 
Figure 1. Rate capability in sodium-ion cells: metal-substituted oxides (left) and CeO2-coated (right). 

The effect of the metal substitution and CeO2-treatment on the structure and morphology of 

the oxides is observed by X-ray powder diffraction, EPR spectroscopy and HR-TEM. Cyclic 

voltammetry was employed to investigate the reduction and oxidation processes during Na+ and 
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Li+ intercalation. The electrochemical tests are carried out in galvanostatic mode. The electrode–

electrolyte interaction is monitored by ex-situ EPR of the long-cycled electrodes.  

The Ti4+ substituents amplify the oxygen redox activity during Na+ (Fig. 1; (C)NT16) and Li+ 

intercalation (Fig.2), thus permitting reaching the highest specific capacity at potentials above 4.2 

V. At the same time, the interaction of oxides with NaPF6- and LiPF6-based electrolytes is 

intensified, leading to a deposition of MnF2. As a result, Ti-substituted oxide displays moderate 

cycling stability and poor rate capability. Contrary to Ti4+, the Mg2+ substituents mainly influence 

the nickel redox activity and suppress the deposition of MnF2, all of them contributing to the 

exceptional cycling stability and rate capability (Fig.1,2; (C)NM16). The CeO2 modifier has a much 

stronger effect on the oxygen redox activity than that of metal substituents; thus, the highest 

specific capacity is attained (Fig.1,2 right). In addition, the CeO2 modifier tunes the electrode–

electrode interaction by eliminating the deposition of MnF2. 

 
Figure 2. Rate capability in lithium-ion cells worked between 1.5 – 4.5 V: metal-substituted oxides (left) and CeO2-

coated (right). 

 By combining the appropriate substituents with the CeO2 modifier, the best electrode 

material was selected. For Na-ion cells, this is the Mg-substituted oxide modified with CeO2, which 

displays high capacity, excellent cycling stability and exceptional rate capability. For Li-ion cells, the 

Ti-substituted oxide modified by CeO2 display the best performance.  
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The large-scale deployment of renewable energy depends on the development of cost-

effective and environmentally friendly technology to store the energy produced. Nowadays, 

lithium-ion batteries (LIBs) are the most competitive energy storage technology, but they will not 

be able to meet the future requirements of emerging applications due to its limitations in terms of 

safety and environmental compatibility. One of the most attractive alternatives to the dominant 

lithium-ion technology are the sodium-ion batteries. This is due to the widespread distribution of 

sodium resources, which determines the cost-effectiveness of the battery and ensures a minimal 

impact on the environment [1].  

The sodium transition metal oxides with layered structure are among the most promising 

positive electrode materials for sodium-ion batteries. However, these type of oxides still have 

some drawbacks that do not allow them to reach optimal electrochemical characteristics in terms 

of specific capacity and cycle stability. Suitable approach for further enhancing the electrochemical 

performance of layered oxides consists in metal substitution of transition metals with 

electrochemically inactive ions such as Mg2+ [2]. Another approach for improving cycling stability 

of electrode materials is the surface modification by coating with oxides of electrochemically 

inactive elements. Recently, we demonstrate that the surface modification of the layered oxide 

with oxygen-storage material such as CeO2 leads to drastic increase in the reversible capacity and 

improved cycling stability [3]. 

 

Figure 1. Schematic presentation of the aluminium doping (left) and the surface coating with Al2O3 (right). 

 In the present contribution the effects of doping and coating on the electrochemical 

performance of layered Na2/3Ni1/2Mn1/2O2 oxide are differentiated. As structural and surface 

modifiers, we used electrochemically inactive Al3+ ions. The structural modification consists in 

selective substitution for Ni3+ with Al3+ ion in the transition metal layer (Fig. 1, left). The second 
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approach aims to modify the oxide surface (Fig. 1, right), therefore the pristine oxide as well as 

aluminium doped one was coated with Al2O3. 

The distribution of Al3+ ions into the layered crystal structure and Al2O3-coated oxides were 

monitored by X-ray powder diffraction and EPR spectroscopy. The electrochemical tests were 

carried out in model two- and three-electrode Swagelok type cells in presence of 1M NaPF6:PC as 

electrolyte solution and pure sodium metal as counter and reference electrode. 

 The presence of aluminium ions in the layered oxide leads to a partial transformation from 

three- to two-layered structure (i.e. mixed P3-P2 structure), while the pristine Na2/3Ni1/2Mn1/2O2 

oxide adopts only three-layered stacking (P3-type). The mixed P3-P2- Na2/3Ni5/12Al1/12Mn1/2O2 

oxide (denoted as NA) displays much higher specific capacity than pristine once - 150 mAh g-1 and 

120 mAh g-1, respectively (Fig.2). Furthered coating of the Na2/3Ni5/12Al1/12Mn1/2O2 oxide with Al2O3 

(denoted as A-NA) affects only slightly the specific capacity and cycling stability (Fig.2). In contrast 

to coated Al-doped oxide, it is found that the Al2O3-coating of the pristine Na2/3Ni1/2Mn1/2O2 oxide 

(denoted as A-NNM) improved the electrochemical performance in terms of specific capacity and 

Coulombic efficiency (Fig.2). 

 

Figure 2. Cycling stability of pristine Na2/3Ni1/2Mn1/2O2 oxide (NNM, black), pristine oxide coated with Al2O3 (A-NNM, 

orange), aluminium doped Na2/3Ni5/12Al1/12Mn1/2O2 oxide (NA, green) and aluminium doped and coated oxide (A-NA, 

blue). The sodium half cells are cycled at C/2 rate in the potential window 1.5- 4.8 V. 

Based on these data, one can conclude that the electrochemical performance of layered 

Na2/3Ni1/2Mn1/2O2 depends critically on the kind of selected substituents and surface modifiers.   
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CeO2-based materials have demonstrated high activity in a wide range of catalytic and 

adsorption applications, including capturing carbon dioxide (CO2) from emission sources.1 In this 

respect, nanoparticulate ceria offers low formation energy of defects that can assist a reversible 

production of reduced material with enhanced adsorption capacity and catalytic activity. When 

the adsorption of CO2 on metal oxides is considered, the strength of CO2 bonding is found to 

increase for reduced oxide surfaces.2 Even at room temperature (RT), the interaction of CO2 with 

powder CeO2 samples leads to the formation of a broad range of surface carbonate species: 

bridged carbonates, hydrogen carbonates, bidentate, monodentate and polydentate carbonates, 

well described on the basis of FTIR spectroscopic observations.3 This work studies the CO2 

adsorption performance of a commercial nanoparticulate CeO2 sample being in its oxidized and 

reduced forms. Here we characterize the CeO2-NP sample by XRD and TEM analysis and apply H2-

TPR and CO2-TPD techniques, and FTIR spectroscopy to obtain mechanistic insights into the 

adsorption of CO2, i.e. the type of species formed on the surface of both oxidized and reduced 

ceria as well as the thermal stability of these species. 

The studied commercial CeO2 sample from US Research Nanomaterials, Inc. was supplied as 

a powder material with a mean particle size of 10 nm and specific surface area of 82 m2.g-1. The 

XRD patterns of the sample showed sharp diffraction peaks of well-crystalized pure phase of ceria, 

i.e. the fluorite-type face-centered cubic phase. The texture characteristics of the ceria sample 

were defined by the N2 adsorption-desorption measurements at 77.4 K. The measured N2 

adsorption-desorption isotherm was of complex Type II and Type IV (pseudo-type II) isotherm 

having a Type H3 hysteresis loops. The isotherm evidenced macro-mesoporous material, while the 

hysteresis loop was characteristic for non-rigid aggregates of plate-like particles. The TEM bright 

field micrographs showed that the ceria consisted of nanoparticles with varying sizes and shapes. 

HRTEM images of the CeO2 sample confirm the appearance of cubic CeO2 phase. Lattice fringes 

with interplanar distance d111 = 0.312 nm were registered. 

The H2–TPR profile of the CeO2 sample exhibited two main Tred peaks as usually reported for 

pure ceria.4 The low-temperature peak is ascribed to the reduction of surface outermost layers of 

Ce4+ to Ce3+, i.e. the extraction of surface lattice oxygen, whereas the peak at high temperatures is 
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normally attributed to the reduction of inner Ce4+ layers and lattice oxygen extraction (bulk 

reduction). The CO2–TPD profile obtained with O2-activated sample showed well expressed peak 

with Tmax = 436 – 438 K. Reducing the sample at 648 and 723 K produced similar CO2-TPD profiles 

but having their Tmax shifted to higher temperatures and broadened. The increased desorption of 

CO2 at higher temperatures reflected the stronger bonding of CO2 to reduced oxide surfaces.2 

Reactivation of reduced CeO2 in O2 atmosphere leads to almost complete recovering of its CO2 

adsorption properties: the observed CO2-TD profile was similar to that of the O2-activated sample. 

Adsorption of CO2 on the O2-activated CeO2 sample at 293 K resulted in the development of 

various IR bands at 1730, 1595, 1573, 1506, 1462, 1404, 1362, 1290, 1218, 1137, 1045 and 1011 

cm-1 indicating formation of surface carbonate-like species. Upon evacuation at elevated 

temperatures the IR spectrum of adsorbed CO2 systematically changed due to stepwise desorption 

of surface carbonates. The strength of bonding for these species increased in the order: bridging 

carbonates, hydrogen carbonates, bidentate, monodentate and polydentate carbonates. 

Adsorption of CO2 on the H2-activated CeO2-USRN produced analogous spectra but some of the 

bands appeared at higher wavenumbers. The reoxidation of reduced CeO2 almost completely 

restored the spectrum of adsorbed CO2, as already described with the CO2-TD experiments. 

Very similar results were obtained with other ceria preparations. 

This study shows that the reduction of CeO2 leads to creation of surface sites where CO2 is 

more strongly bonded then on oxidized surface. However, such approach to increase the capacity 

of surface is not a favorable one from a practical point of view, considering the increased energy 

expenses needed for the regeneration of adsorbent. Probably doping of ceria with some metal 

ions (like Zr) to create new active centers for increased CO2 capacity would be a more promising 

approach. 
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Lanthanum cobaltate, LaCoO3, with a perovskite type of structure has been recognized as 

attractive thermoelectric material due to its high Seebeck coefficient (S>500 V/K at room 

temperature) and high thermal stability. However, the electrical resistivity of LaCoO3 is relatively 

high (about 10 Ωcm at 300 K), which lowers the thermoelectric activity (ZT<0.01 at T=300 K). The 

state-of-the-art research is mainly devoted to the enhancement of the thermoelectric efficiency of 

LaCoO3 by multiple substitution for Co-sites [1-2]. 

The aim of this contribution is to correlate the thermoelectric activity of LaCoO3 with 

structural disorder created by multiple metal substitutions for Co-sites. Two groups of perovskite 

comopositions are studied: pair substituted cobaltates with general formula LaCo0.80M0.10M’
0.10O3 

where M0.10M’
0.10 is Ni0.10Fe0.10; Ni0.10Ti0.10, Mn0.10Fe0.10. The content of all magnetic (Ni, Fe and Mn) 

and diamagnetic (Ti) elements are choosen to be 0.10 mol. 

The substitution for Co with (Ni0.10Fe0.10), (Ni0.10Ti0.10) and (Mn0.10Fe0.10) pairs proceeds by 

preservation of the rhombohedral perovskite structure of LaCoO3. The occurrence of (Mn+Fe) and 

(Ni+Fe) pairs into LaCo0.80M0.10M’
0.10O3 causes an elongation of the mean bond lengths La-

Co0.8M0.1M’0.1 and Co0.8M0.1M’0.1-O without changing the extent of rhombohedral distortion of 

metal octahedra, while the (Ti+Ni) pair reduces significantly the local rhombohedral distortion 

together with an increase of the mean La-Co0.8M0.1M’0.1 bond distance. 

Double substituted cobaltates are semiconductors with hole conductivities (Table 1). The 

carrier density increases after (Ni0.10Fe0.10) double substitution for Co ions. The enhancement of 

the carrier density of multiple substituted perovskites is related with the appearance of highly 

oxidized Co4+ ions as charge compensators. When (Ni0.10Ti0.10) and (Mn0.10Fe0.10) pairs substitute 

for Co3+ ions, there is a decrease in the carrier density of cobaltates LaCo0.80M0.10M’
0.10O, which is a 

consequence of the appearance of electron trapping centres such as low-oxidized Co2+ ions. The 

carrier mobility depends on the extent of the rhombohedral distortion: the higher is the distortion, 

the lower is the mobility. 

The simultaneous changes in the carrier density and the carrier mobility are responsible for 

the observed variation in the Seebeck coefficient: S decreases for multiple substituted perovskites 

(Table 1). The structural disorder induced by ionic mismatch of the nickel, iron, titanium, 
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manganese and cobalt ions is responsible for the effective decrease in the thermal conductivity of 

multiple substituted perovskites. 

The power factor (PF) is strongly dependent on the origin of metal substituents. The highest 

PF is observed for (Ni+Fe)-double substituted LaCoO3, while both (Ni+Ti) and (Mn+Fe)-additives 

cause a decrease in PF.  

The reduced thermal conductivity for multiple substituted perovskites determines their 

improved thermoelectric efficiency: the highest figure of merit is reached for (Ni+Fe)-double 

substituted LaCoO3. Among multiple-substituted cobaltates, only the (Mn+Fe) pair has a negative 

effect on thermoelectric properties of cobaltates. 

This study demonstrates clearly that by a rational choose of metal substituents it is possible 

to control the thermopower efficiency of cobaltates in respect of their desired applications. 

Table 1. Electrical resistivity, Seebeck coefficient, Power factor PF=S2/, Thermal conductivity, Figure of merit 

S2T/(.λ). 

Samples 

, 

(.cm) 

at 300K 

Seebeck 

coefficient, 

mV/K 

Power 

Factor, 

PF=S2/, 

W/(K2.cm) 

Thermal 

Conductivity, 

λ, W/(m.K) 

± 0.04 

Figure of 

merit, 

S2T/(.λ) 

T=300K 

Mobility 

cm2/Vs 

Density 

cm-3 x 1018 

LaCoO3 1.555 600 0.23 0.43 0.015 1.8 2.4 

LaCo
0.8

Ni
0.1

Fe
0.1

O
3
 0.065 234 0.80 0.17 0.158 2.7 8.6 

LaCo0.8Ti0.1Ni0.1O3 0.478 183 0.07 0.10  0.020 10.9 1.1 

LaCo0.8Mn0.1Fe0.1O3 2.631 47 0.0008 0.16 0.00015 3.5 0.4 
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The rising demand for electronic equipment, electric vehicles, and smart grids, makes the 

development of new high-performance energy storage systems a major concern. Sodium-ion 

battery (SIB) technology is one of the best alternative candidates to the lithium analogue due to 

the low cost and the abundance of sodium which are critical issues for large-scale application. One 

of the challenges facing SIBs is the exploration of new cheap electrode materials with efficient 

electrochemical performances suitable for practical applications. Among the sodium intercalation 

compounds, phosphate framework materials have attracted increasing attention due to the high 

structural stability, facile reaction mechanism and rich structural diversity. To address the above 

challenges, different types of mixed polyanion materials containing PO4 units have been designed 

as potential cathode candidates for SIBs: Na4Fe3(PO4)2(P2O7) (M= Fe, Mn, Co,Ni), Na3Mn(PO4)(CO3), 

Na2MPO4F (M = Fe, Mn, Co and Ni), Na3V2(PO4)2F3. On the other hand, the presence of highly 

electronegative SO4
2- ions in the mixed polyanion frameworks has been found to increase the 

operational potential that is beneficial for achievement of high energy density.  

The present study is focused on the synthesis, physicochemical and electrochemical 

characterization of a mixed phosphate-sulfate compound with the following composition: 

NaFeV(PO4)(SO4)2. To date only one report is available in the literature for this compound 

synthesized by a sol-gel method [1].  

For the preparation of this material we have applied a low-temperature method, where the 

precursor is obtained by freeze-drying of a solution containing NaH2PO4, Fe(NO3)3, (NH4)2SO4 and 

NH4VO3 dissolved in the presence of citric acid, all taken in the needed amounts. The thermal 

decomposition and annealing at 400 C of the precursor yields a very well crystalline phase of pure 

NaFeV(PO4)(SO4)2 (NFVPS). The compound crystallizes in the trigonal space group R-3 with lattice 

parameters: a = 8.4056(4) Å and c = 22.0575(6) Å. It has a NASICON-type structure, where Fe3+ and 

V3+ ions are randomly distributed over the two 6c crystallographic sites, while SO4
2- and PO4

3- ions 

share one 18f site with an occupancy ratio of 2:1 (Figure 1a). The thermal behavior is followed by 

using TG-DTA technique combined with mass spectrometry analysis. The vibrational characteristics 

are examined by IR spectroscopy. The intercalation properties are studied by cyclic voltammetry 

using NaPF6 and LiPF6 electrolytes. In order to increase the electron conductivity of NFVPS two 

types of composites have been obtained and tested: (1) NFVPS/C prepared by ball-milling of 
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NFVPS with carbon black; (2) NFVPS/rGO, where rGO (reduced graphene oxide) has been 

introduced during the freeze-drying process.  

(a) 

(b)  (c) 

Figure 1. Crystal structure (a) and CV curves of NFVPS/C (b) and NFVPS/rGO (c) in Na-half cells. 

The redox peaks observed in the CV curves confirm that NFVPS is electrochemically active as 

cathode material in both Na and Li ion cells (Figure 1b,c). The intercalation of Na+ and Li+ ions take 

place owing to the Fe2+/Fe3+ and V3+/V4+ redox pairs but with different mechanism for NFVPS/C 

and NFVPS/rGO (Figure 1b,c).  

In conclusion: A little known mixed phosphate-sulfate intercalation material has been 

successfully prepared by low-temperature precursor method. NaFeV(PO4)(SO4)2 is 

electrochemically active as cathode material in both Na and Li ion cells. The studies on the cycling 

stability, rate capability and intercalation mechanism of NaFeV(PO4)(SO4)2 are in progress. 
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Over the last decades series of compounds with compositions AIIBIIIP4O14 were explored, 

because of their interesting and diverse architecture - these materials often contain tunnels or 

layered structure. Thus, they possess potential application in heterogeneous catalysis, gas sorption 

and ion-exchange. [1] 

Moreover, it is well established that ions such as Bi3+ and Pb2+ often generate distorted 

structures due to the electrostatic effect of the 6s2 lone pair of electrons. The compounds formed 

by combination of such ions with tetrahedral anions as [PO4] are promising materials in the field of 

inorganic material technology. [2] 

The new lead indium phosphate PbIn2P4O14 was synthesized by high temperature solid state 

synthesis. The initial mixture contained PbO, In2O3 and NH4H2PO4 in molar ratio 1:1:4. It was well 

homogenised and heated several times with overall duration of 48 hours at 7800C.    

The powder X-ray diffraction analysis of the product shows that obtained material is 

isostructural with BaMo2P4O14 [3] with unit cell parameters: SG: C2/c (№ 15), a = 10.7834(3), b = 

10.6450(3), c = 9.8671(3) and β = 103.4200. The crystal structure parameters for all atoms were 

determined after Rietveld refinement. 

Figure 1. Representation of PbIn2P4O14 crystal structure along the c-axis. 

The crystal structure (Fig. 1) is made by isolated [InO6] octahedra sharing corners with one 

[PO4] distorted tetrahedra. Every two [PO4] groups are connected with one oxygen atom, thus 

forming [P2O7] pyrophosphate groups. The [InO6] octahedra and [P2O7] groups form cavities in 

which Pb2+ ions are located. Most probable low-symmetry environment for Pb2+ cations is present 

because of the 6s2 stereoactive lone-pair electron couple. 
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The sample was analysed with SEM and obtained images shows that PbIn2P4O14 has particles 

with undefined shape and size around 2 to 40 μm (Fig. 2). The composition of the compound was 

examined by Scanning electron microscopy-energy dispersive X-ray analysis (SEM-EDX) and 

obtained empirical formula is Pb0.8In2P3.7O14. 

Figure 2. SEM images of PbIn2P4O14 powder. 

UV/Vis spectra was recorded and the band gap energy Eg of the compound is determined 

from diffuse reflectance spectra transformed to the corresponding absorption spectra by applying 

the Kubelka–Munk function F(R∞). According to obtained value (Eg ~ 3,36eV), the material is 

insulator. 
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Traditionally, the electrodes in commercial Li-ion batteries are of inorganic origin 

containing mainly transition metals oxides but the application of organic materials as electrodes 

for Li-ion batteries has recently been extensively investigated due to numerous advantages and 

opportunities for performance improvement they allow. Among the advantages are: ease of 

synthesis, tunable structure, low weight, computational simplicity, properties predictivity, etc. 

Combination of transition metals with organic components could potentially exhibit even better 

efficiency – both the metal ion and the ligands would be electrochemically active and thus 

increasing the number of redox centers. 

The objective of the current study is to model and predict the electrochemical properties of 

coordination polymers consisting of Ni-ions in different oxidation states and quinone ligands with 

various substituents. Different structural and electronic parameters are thoroughly examined in 

periodic boundary conditions and the main tendencies of the Li-insertion are outlined. The 

electrode potential is calculated for each step of the consecutive Li reduction of the materials. 

Promising results for the electrode potential and capacity of the polymers are obtained. They can 

be successfully implemented as electrode materials in Li-ion batteries and can serve as a good 

alternative to the traditional electrodes. The polymers show structural stability and due to their 

low dimensionality they can be layered on a conductive support in order to provide multiple redox 

sites on a small area. The combination of organic and inorganic components proves to be a 

successful strategy for the design of advanced materials for energy storage and conversion.  
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Large cations exchanged in zeolites can often adsorb simultaneously two or even three small 

molecules, such as CO1-3 and N2
3,4. This ensures a high adsorption capacity of the material. 

Irrespective of some reports5,6, it is not yet well established whether this applies to CO2. Needless 

to say, the formation of geminal CO2 adsorption complexes is very important for the design of 

efficient CO2 capture systems. Here we report the results of a detailed FTIR spectroscopic study of 

CO2 adsorption on NaY zeolite, focusing on the possibility of simultaneous bonding of two CO2 

molecules to a single Na+ site. 

When CO2 was adsorbed on NaY at ambient temperature and at equilibrium pressures up to 

100 mbar, one very intense 3(CO2) band centered around 2350 cm-1 appeared in the IR spectrum. 

The extremely high intensity makes impossible to determine exactly the band maximum. However, 

this and the natural 13C abundance (ca. 1 %) make it possible to detect well the respective 

3(13CO2) band at 2287 cm-1 (2288 cm-1 at low coverage). In addition, we detected the (ν1 + ν3) 

combination band at 3714 cm-1 and (2ν2 + ν3) at 3606 cm-1. Importantly, a weak band at 1383 cm-1, 

assigned to the IR forbidden ν1 mode, was also recorded. The activation of this band indicates 

deviation of the O–C–O angle from 180o and strongly suggests some interaction of the C-atom of 

CO2 with zeolite framework oxygen. The observed IR features are assigned to tilted CO2 adsorbed 

on Na+ sites occupying SII positions in the zeolite and weakly interacting with framework oxygen7. 

The next step was to perform variable temperature IR (VTIR) experiments. The initial 

equilibrium CO2 pressure was 5 mbar and the spectra were recorded while the temperature was 

gradually lowered. At ambient temperature the 3(13CO2) band was detected at 2288 cm-1 (Fig. 1, 

spectrum a). Lowering temperature initially leads to increase of the band intensity without 

significant change in position (Fig. 1, spectra b, c). Further on the band is gradually red shifted 

down to 2285 cm-1 (Fig. 1, spectra d-k). At 211 K (Fig. 1, spectrum e) a new band at 2279 cm-1 

emerges and grows with the further temperature decrease, being slightly red shifted to 2278 cm-1 

with coverage increase. The band at 2278 cm-1 is attributed to geminal Na+(CO2)2 species. On the 

basis of additional analysis of the 1 and the combination bands, it was concluded that the shift of 

the 2288 cm-1 band to 2285 cm-1 is due mainly to two effects: (i) reorientation of the adsorbed CO2 

molecules to not tilted position (partial deactivation of the 1 mode) and (ii) formation of dimeric 

(Na+-OCO)2 species.  
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Figure 1. Second derivatives of the VTIR spectra in the 3(13CO2) region of CO2 (5 mBar initial equilibrium pressure) 

adsorbed on NaY zeolite. Sample temperature of 293 K (a), 257 K (b), 240 K (c), 224 K (d), 215 K (e), 211 K (f), 205 K (g), 

199 K (h), 190 K (i), 184 K (j), 177 K (k) and 171 K (l).  

Our results demonstrated that indeed two CO2 molecules can be simultaneously bound to 

one Na+ site in NaY zeolite. However, this occurs at low temperature and/or at high CO2 

equilibrium pressures which is not convenient for practical use. Nevertheless, the demonstration 

of the possibility of simultaneous binding of two CO2 molecules to one cationic site in zeolites 

opens up new horizons in the design of high-capacity CO2 adsorbents by varying the zeolite type 

and the nature of the exchanged cations.    
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Utilization of lignocellulosic biomass to produce valuable chemicals, materials and fuels is 

emerging as a promising alternative to reduce dependence on fossil fuels [1, 2]. Depending on its 

origin, biomass is composed of cellulose, hemicellulose and lignin in different proportions. 

Lignocellulosic biomass can be hydrolyzed into a mixture of cellulose, hemicellulose and lignin. 

Hydrolysis of hemicellulose and cellulose leads to the formation of C5 and C6 monosaccharides. 

Levulinic acid can be produced from lignocellulose by acid-catalyzed hydrolysis and can be further 

used as a platform molecule for the production of valuable products, including biofuel precursors 

such as γ-valerolactone [3]. GVL can be used as a solvent, fuel additive and intermediate in the 

production of various value-added chemicals. Levulinic acid is considered one of the most 

promising sources of renewable energy due to its easy production and the possibility of being used 

for the production of biofuels, plasticizers and biopolymers. 

In the present study, we describe the application of Ni and/or Cu functionalized ZSM-5-

mesoporous silica composites for vapor-phase hydrodeoxygenation of levulinic acid to γ-

valerolactone. In ZSM-5 zeolite/mesoporous silica composite, used as a support for metallic 

nanoparticles, zeolite seeds provided acid sites, whereas larger pores of KIT-6 mesoporous silica 

facilitated the mass transfer of reagents and products. 

The resulting catalysts were characterized by a number of physicochemical methods such as 

X-ray powder diffraction, nitrogen physisorption, transmission electron microscopy, temperature-

programmed reduction and solid phase nuclear magnetic spectroscopy. Finely dispersed NiO and 

CuO were found to be detected after impregnating salt decomposition on the silica support. The 

presence of a zeolite phase predetermines the formation of a small fraction of ionic Ni2+ and/or 

Cu2+ species strongly interacting with the silica and zeolite supports. 

The catalytic behavior of the materials was investigated in a reaction for the gas-phase 

upgrading of lignocellulosic biomass-derived levulinic acid (LA) to γ-valerolactone (GVL) (Fig.1).  
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Figure 1. LA conversion and the products’ selectivity on the Cu-ZSM-5/KIT-6, Ni-ZSM-5/KIT-6 and CuFe-ZSM-5/KIT-6 

catalysts. 

Among the studied catalysts, CuNi-ZSM-5/KIT-6 showed the highest LA conversion (100 %) 

and γ-valerolactone (GVL) yield (81 %) at 250 °C. The high LA conversion and GVL yield can be 

attributed to the high specific surface area of the composite material and to the balance between 

the zeolitic acidic and highly dispersed metallic Cu-Ni sites. Furthermore, the CuNi-ZSM-5/KIT-6 

catalyst exhibited high stability after 24 h time on stream, with a GVL yield above 80 % and no 

change in the structure of the support and dispersion of metal nanoparticles.  
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Hybrid supercapacitors with the composite electrode materials display high energy density 

at the expense of the reduced cycle stability. In the last few years nanostructured transition metal 

oxides, hydroxides and phosphates as a new type of energy storage materials have widely 

attracted attention. Herein, we provide data on the electrochemical performance of hybrid 

supercapacitors based on mixed nickel/manganese oxides, hydroxides and phosphates in the form 

of structured and multiphase composites. 

Mixed nickel-manganese oxides with ilmenite and spinel structures (NiMnO3 and 

Ni1.5Mn1.5O4), hydroxides with layered structures (-Ni1/2Mn1/2(OH)2), and phosphates with olivine 

and maricite structures (LiNi1/2Mn1/2PO4 and NaNi1/2Mn1/2PO4), obtained from different 

precursors, have been investigated in a mixed alkaline electrolyte (KOH with LiOH). The 

electrochemical performances of composites electrodes are determined by galvanostatic 

charge/discharge and long-term tests in Swagelok-type electrochemical cell (see Fig. 1).  

 

 

Figure 1. Specific discharge capacitance (a) and areal discharge capacitance (b) as a function of the current load of 

supercapacitor cells with different composite electrodes (c) Specific discharge capacitance (capacity) as a function of 

the cycle number at 240 mA/g of supercapacitor cells with different composite electrodes. For the sake of 

comparison, the discharge capacitance is also calculated in mAh/g. 
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The structure, morphology and porous texture properties of composites are analyzed by 

post-mortem powder X-ray diffraction (XRD), scanning electron microscopy (SEM) and low-

temperature nitrogen adsorption, respectively.  

 

 
Figure 2. SEM images: (a) β-Ni1/2Mn1/2(OH)2, (b) ilmenite NiMnO3, (c) mixture of NiMnO3 and Ni1.5Mn1.5O4, (d) olivine 

LiNi1/2Mn1/2PO4, (e) maricite NaNi1/2Mn1/2PO4; (f) Ex situ XRD patterns of ilmenite (b) and phospho-olivine (d) 

electrodes after 5000 cycles. For the sake of comparison, the pristine ilmenite (a) and phospho-olivine (c) are also 

given. Symbols (*), (PTFE), (C) and (Ni) denote the peaks due to the ilmenite phase, PTFE, graphite and Ni foam, 

respectively. 

The analytical results confirm that the investigated three types of crystal structures: oxides 

with ilmenite and spinel structures, hydroxides isostructural to β-Ni(OH)2 and phosphates with 

olivine and maricite structures are able to simultaneously accommodate nickel and manganese 

ions [1]. The capacitance performances of oxides, hydroxides and phosphates depend mainly on 

whether the electrode contains simultaneously contains nickel and manganese in a ratio of one-

to-one and, to a lesser extent, on the type of anionic constituents. Cycling stability becomes better 

when the morphology consists of spherical aggregates. Based on these findings, one can predict 

the electrode with the best capacitance performance. 
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The rapid depletion of fossil fuels and the accompanying environmental pollution 

necessitate the exploration of efficient and sustainable energy storage systems. In recent years, 

with limited lithium resources and high prices, sodium-ion batteries (NaIBs) have been considered 

as a good alternative of the lithium-ion batteries (LiIBs). Contrary to LiIBs, the bottleneck of NaIBs 

is the identification of anode materials with voltage approaches that of Na metal. In this respect, 

sodium titanates having layered or tunnel structure appear as most attractive anode materials [1].  

This study aims to examine in details the implementation of sodium titanate nanowires as 

anode materials in NaIBs. Sodium titanates with compositions of Na2Ti3O7 and Na2Ti6O13 are 

obtained using two synthetic procedures: solid state reaction between TiO2 and Na2CO3 at 800 oC 

and hydrothermal reaction between TiO2 and NaOH at 150 oC, followed by thermal annealing at 

300 oC. Although the solid state reaction yields Na2Ti3O7 phase with a layered structure, the tunnel 

Na2Ti6O13 phase containing Na2Ti3O7 admixture is formed under hydrothermal reaction. Sodium 

titanates obtained by two procedures display different morphology: rod-shaped particles with 

dimensions of around 0.5-1 μm are developed for Na2Ti3O7 obtained by solid state reaction, while 

nano-wires with length of around 4 μm are observed for hydrothermally prepared sodium-titanate 

(Fig. 1). Sodium titanates were used as electrodes in sodium half cells with sodium electrolyte (i.e. 

1M NaPF6 in PC). Both titanates interact reversibly with Na+ at potentials lower than 0.5 V vs 

Na/Na+. The comparison of charge/discharge curves shows that Na2Ti6O13 nano-wires store two-

time higher amount of Na+ ions than that of nano-rod Na2Ti3O7: the discharge capacities are 

around 200 mAh/g and 100 mAhg/g for nano-wires and nano-rod titanates (Fig. 2). However, the 

cycling stability of Na2Ti6O13 nano-wires is worse than that of nano-rod Na2Ti3O7. This study 

demonstrates that electrochemical properties of sodium titanates could significantly be improved 

by formation of composites between Na2Ti6O13 nano-wires and nano-rod Na2Ti3O7. 
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 a       b 
Figure 1 . SEM images of Na2Ti3O7 (a) and Na2Ti6O13 (b).  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 2. Cycling stability of sodium titanates obtained by solid state (SS) and hydrothermal (HS) reactions. The cell is 

cycled between 0.1 and 2.0 V at a rate of C/20.   
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In a world that tends to be more electrified, green and circular in order to mitigate the 

impact of climate change after decades of a heavily pollutant industry, techniques and methods 

that enable proper and precise characterization of key components on this developing path are 

required. Since most of the technology is driven by its efficiency and optimization, the design of 

devices at the nanoscale is the usual way to go for the improvement of their properties. However, 

suitable tools are needed for accurate measurements at such dimensions. This work focuses on 

how a relatively recent technique called three-dimensional electron diffraction (3DED) [1] can help 

this sustainable transition, particularly on the research based on all-solid-state batteries. 

All-solid-state batteries differentiate from typical lithium-ion ones with respect to the 

electrolyte, which is solid for the former and a liquid organic for the latter. They are of particular 

interest because of its wide operating temperature range, reliable performance and high energy 

density. Although they appear as a very promising technology, mainly from electric vehicle 

manufacturers, considerable research is still needed to be market-ready. It is here where the use 

of 3DED for the proper crystal structure analysis of the different components at the nanoscale 

could be of high benefit by answering questions that other techniques could not reliably do so, 

thus enhancing their characterization [2]. In this context, two examples based on fluoride-ion 

batteries are presented where 3DED in combination with other techniques confirmed the crystal 

structures under investigation. First, the investigation of the fluorination/de-fluorination of 

La2NiO4.14 as an active cathode material [3], and second, the crystallographic analysis of the de-

fluorination of La2NiO3F2 as a synthetic pathway for new magnetic materials [4]. 
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The climate change and ever-growing demands on energy have prompted research into 

alternative multifunctional materials applicable for both energy conversion and storage. These 

systems must be environmentally friendly and possess improved efficiency, conversion and 

storage. In this regard, multicomponent chalcogenide nanocrystals are considered to be 

candidates for energy conversion and storage. 

The current study explores the electrochemical properties of Cu2SnS3 (CSS) with potential 

application in Li-ion and metal-air batteries. The CSS was synthesized via sol-gel followed by 

solvothermal conditions at 200 °C. The physicochemical properties of the obtained chalcogenide 

nanocrystals were studied by X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy, 

Raman spectroscopy and Transmission electron microscopy (TEM). The obtained crystallographic 

data fitted well to the Cu2SnS3 tetragonal structure (space group I4̅2m).  

Four intercalation peaks at 1.61 V, 1.48 V, 1.19 V and 0.12 V vs Li/Li+ are observed in the 

first cycle of the cyclic voltammetry while the de-intercalation curve exhibits two small peaks at 

0.53 V and 1.85 V vs Li/Li+, and one strongly pronounced at 2.39 V vs Li/Li+. The galvanostatic tests 

in lithium system appear to show initial discharge specific capacity of 1024 mAh g-1 in the voltage 

ranges 0.05-3.0 V. In attempt to reduce the capacity decline the voltage range was narrowed (0.8-

3.0 V vs Li/Li+) and the delivered initial capacity was 596 mAh g-1.  

The catalytic activity of Cu2SnS3 (in air gas-diffusion electrode) regarding oxygen reduction 

reaction (ORR) was examined in the half-cell conditions using aqueous 4M NaCl electrolyte. 
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Inorganic redox materials have successfully been used for fabrication of electrodes in Li-ion 

energy storage devices for decades. The organic redox materials, on the other hand, offer 

numerous advantages over the inorganic ones such as lower weight and recyclability. Another 

advantage of organic redox materials is that their properties can quite easily be tuned by altering 

the structure of the molecules they are built of. 

In the present study, we used our newly developed software package “DerGen” to generate 

structures of around 450 organic molecules with potential application as electrode materials. The 

redox potential of each of those molecules was estimated by means of density functional theory 

(DFT) and a fairly large number of semi-empirical and chemometrics descriptors were calculated. 

An optimal strategy for descriptor reduction was found by comparing several descriptor reduction 

methods. Machine learning and statistics were used to build model to predict redox potential 

based on chemical structure.  
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Organic redox materials for electrodes in Li-ion energy storage devices possess many 

advantages over the inorganic redox materials – they are cheaper, lighter and more 

environmentally friendly. Furthermore their properties can be synthetically tuned to attain 

maximal performance.  

Machine learning and statistics have proven to be very powerful approaches for efficient in 

silico design of novel materials. For the needs of machine-learning aided novel materials discovery, 

large databases containing various compounds and their properties need to be constructed. One 

possible approach is to extract a large number of random chemical structures from an existing 

database. Another approach relies on the generation of diverse positional isomers of a given 

parent structure by introducing different functional groups and varying their positions. 

The present work is focused on building the DerGen software package for automatic 

generation of all non-redundant positional isomers of a parent structure to build or expand 

different datasets. An illustrative example of building a dataset of around 400 molecules with 

potential application as organic redox materials is provided. Machine learning algorithms utilising 

ensemble methods are used to build structure-property relationship. 

The software package could be found at the https://github.com/carim2020/der-gen 

repository. 
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Sustainable energy sources are the milestones for the economic development and secure 

and ecology-oriented progress. Among the major challenges that need to be overcome for 

development of “green” energy sources are increased efficiency, conversion and storage. A novel 

approach is using nanocrystalline quantum dots (QDs), with size less than 10 nm. The quantum 

confinement phenomenon that emerge from their small physical dimensions, defines many 

physical properties such as size-tunable photoluminescent emission, strong absorption, 

photobleaching, etc. The combination of size- and shape-dependent physical properties and ease 

of fabrication makes nanocrystals promising candidate materials with enormous potential for large 

variety of applications such as solar cells, optoelectronic devices and as fluorescent labelling 

agents [1]. 

Current work is a comparative study, focused on physicochemical and electrochemical 

investigation of solution-processed Cu2ZnSnS4. The syntheses employ different capping agents: (i) 

ascorbic acid (ASC) and (ii) polyvinylpyrrolidone (PVP). The TEM images show that two synthesis 

protocols bring nanocrystals with size distribution in the range 3-8 nm. The performed X-ray 

diffraction analysis indicates tetragonal Cu2ZnSnS4 and an additional ZnS phase presented in ASC 

sample. The calculated band gap values, which are important prerequisite for the photovoltaic 

efficiency, from the UV-vis spectra show higher values compared to the bulk ones which is 

additional characteristic for small sizes, with ASC sample having the higheр bandgap value. The 

electrochemical investigations show that the two samples deliver similar initial specific discharge 

capacities of 1141 mAh g-1 (PVP) and 1148 mAh g-1 (ASC).  
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Humanity's aspiration for technical progress is born out of ever-growing energy needs. 

They, in turn, cause a continuous search and development of new energy carriers that are long-

lasting, more environmentally friendly and cheaper than the current ones. Batteries started their 

development from the first galvanic cell and currently the most widespread are still lithium-ion 

batteries, which are widely used in a number of areas. 

Polyanionic compounds belong to the main class of electrode materials for both lithium- 

and sodium-ion batteries that respond, to a great extent, to the modern requirements for 

efficient, safe and environmental compatible storage of energy. Among polyanionic compounds, 

sodium transition metal sulphates attract considerable interest as low-cost electrode materials 

offering high operating voltage for alkaline ion intercalation.  

Recently, we exhibit, using ex-situ transmission electron microscopy, that lithium 

intercalation in aluaudite Na2Mn2(SO4)3 occurs at the nanoscale and leads to the formation of an 

orthorhombic Li2Mn2(SO4)3 phase [1]. Analysis of the electrochemical data shows that Li2Mn2(SO4)3 

is able to reversibly intercalate at least 1 mol of Li only in the case when an ionic liquid-based 

electrolyte is used (Figure 1). The obtained results reveal that by rational optimization of additives 

and electrolyte composition, the sulfate electrode can dramatically improve its electrochemical 

properties. 

In this contribution we demonstrate for the first time the reversible electrochemical 

intercalation of Li+/Na+ ions into A2Mn2(SO4)3 (A = Li, Na) as a positive electrode in alkali-ion cells. 

Sulfate salts were simple obtained by thermal dehydration of the respective hydrate or 

lyophilisated precursor. The mono- and dual-ion intercalation into the sulfates was examined in 

model electrochemical cells by using Li/Na metal as a negative electrode and in presence of 

carbonate- and ionic liquid-based electrolytes. The cycling voltammetry experiments were carried 

out at room and elevated temperatures (Figure 2). A mechanism of the electrochemical reaction is 

monitored by ex-situ analysis. 
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Figure 1. (A) Charge/discharge curves after 1, 10 and 20 cycles for orthorhombic Li2Mn2(SO4)3 at C/20 using 1 M LiPF6 

(EC:DMC) and ionic liquid LiTFSI-Pyr1,3FSI as electrolytes; (inset: for comparison the charge/discharge curves after 10th 

cycle for alluaudite Na2Mn2(SO4)3 at C/100 using 1 M LiPF6 (EC:DMC) as electrolyte; (B,C) HR-TEM images of 

Na2Mn2(SO4)3 electrode cycled in lithium electrolyte. For the sake of convenience two phases Na2Mn2(SO4)3 and 

Li2Mn2(SO4)3 are indicated with NMS and LMS, respectively 

 

Figure 2. Charge/discharge curves after electrode soaking and after that cycling at C/20 for 5 cycles in an electrolyte 

based on ionic liquid Pyr1,3FSI for Li2Mn(SO4)2 (a), Li2Mn2(SO4)3 (b), and Na2Mn2(SO4)3 (c) at different temperatures 
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Polyanionic electrode materials for LIB’s respond to the modern requirements for 

efficiency, safety and environmental compatibility. The structure type alluaudite represents a 

great interest as intercalation matrix, providing an opportunity for high mobility of alkali ions. 

Sodium cobalt-manganese sulfates, having alluaudite structure, are predicted to be new 

class of high-voltage electrodes for Li/Na-ion batteries. Herein we provide a first experimental 

evidence for operation of Na2+2δ(Co1-xMnx)2-δ(SO4)3 (x = 0.19, 0.54) at potentials higher than 4.0 V 

vs Li/Li+ and vs Na/Na+. CV investigations of double sulfates in three-electrode cell with a lithium 

metal as negative and reference electrodes have been performed. The electrochemical 

experiments were carried out in different electrolyte media: 1M LiPF6 in EC:DMC (1:1 vol.%), 1M 

LiPF6 in EC-DMC-DEC (1:1:1 vol.%), 1M LiFSI in EC:DMC (1:1 vol.%), LiTFSI-Pyr1,3FSI (1:9 ratio) and 

etc. The analysis of the results shows that the best electrolyte is the one based on ionic liquid. The 

experiments at 40 C are also made (Fig. 1). 

This first experimental evidence will open new perspectives for design of high-voltage 

electrode materials for rechargeable batteries. 
 

Figure 1. CV curves of 

Na2+2δ(Co0.46Mn0.54)2-δ(SO4)3 

vs Li-metal as negative and 

reference electrode in 

conventional (left) and ionic 

based electrolytes (right) 
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The chemical and structural similarity between calcium orthophosphates and biological 

apatite makes them suitable biomaterials for orthopedic, reconstructive and maxillofacial surgery. 

Their bioactivity depends on their chemical and phase composition, as well as on their 

morphology. 

The behaviour of amorphous calcium phosphate double-doped with Zn2+ and Mg2+ in 

artificial saliva was monitored in order to elucidate its potential to be used as a component in new 

hybrid materials for tooth enamel remineralisation. The effect of the composition of artificial 

saliva (presence of urea, glucose, ascorbic acid and mucin) on the degree of release of Ca2+, Mg2+ 

and Zn2+ ions from solid to liquid phase was assessed. The concentrations of ions under study in 

the liquid and solid phases were determined by FAAS (SOLAAR MkII M5-Thermo Electron Co) and 

TXRF (S2 PICOFOX 400, Bruker) in the presence of mucin and by ICP-OES (PRODIGY 7, Teledyne 

Leeman Labs, USA) in its absence. 

It was found that the presence of organic components and especially mucin (high molecular 

weight, glycosylated protein) several times increases the solubility of amorphous calcium 

phosphate, respectively the release of Mg2+ and Zn2+ ions, owing to its ability to form complexes 

with the studied metals. Most intensive is the process of dissolution in the first 6 hours, during 

which the saliva is enriched with the studied ions, after which their concentration gradually 

decreases and reaches a constant value. In the absence of mucin, the crystallization processes of 

pure low- crystalline calcium hydroxyapatite dominate, as the inorganic part of artificial saliva is 

oversaturated with respect to it. 

Acknowledgements: The authors thank the Bulgarian Ministry of Education and Science under project KP-

06-H49-6/2020 for materials preparation and kinetic studies. The authors acknowledge the support 

received from the Operational Programme “Science and Education for Smart Growth” 2014-2020, co-

funded by the EU from European Regional Development Fund (grant number No BG05M2OP001-1.001-

0008) and Distributed Research Infrastructure INFRAMAT, part of Bulgarian National Roadmap for Research 

Infrastructures (project Д01-306/20.12.2021) for analytical measurements. The authors are grateful to the 

project Д01-272/02.10.2020, for the opportunity to disseminate the results.  



METMAT2022 

Sandanski, Bulgaria | September 07-10, 2022 

72 
 

  Topic C 

C02 

Effect of milling conditions on the phase formation and optical properties of 

CaWO4 nanoparticles 

 

Maria Gancheva1, Reni Iordanova 1, Iovka Koseva 1 and Petar Ivanov 2 

1 Institute of General and Inorganic Chemistry, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria 
2 Institute of Optical Materials and Technologies, Bulgarian Academy of Sciences,  

Acad. G. Bonchev str., bl.109, 1113 Sofia, Bulgaria 

E-mail: m.gancheva@svr.igic.bas.bg 

 

Keywords: high energy ball milling, nanoparticles, optical properties. 

 

The mechanochemical synthesis of calcium tungstate (CaWO4) nanoparticle was achieved 

varying the milling speeds and time. A stoichiometric mixture of CaCO3 and WO3 in a 1:1 molar 

ratio was subjected to intense mechanical treatment in a planetary mill (Fritsch–Premium line–

Pulversette No 7) in air using the different milling speeds - 500 and 850 rpm. The obtained 

products were analyzed by X-ray diffraction (XRD), infrared (IR), ultraviolet visible (UV-Vis) 

reflectance and photoluminescence (PL) spectroscopies. The powders with average crystallite size 

of 20 nm was obtained after 5h milling time applied lower milling speed of 500 rpm (CaWO4 – I). 

The higher milling speed of 850 rpm led to faster synthesis of the compound with higher crystallite 

size of 30 nm after 60 min milling time (CaWO4- II). The XRD and IR analysis confirmed that the 

CaWO4 is with sheelite type structure. The value of the optical band of CaWO4-I and CaWO4-II 

depends on milling conditions and significantly decreases from 4.53 eV to 2.67 eV at 5h milling 

time applied milling speed of 500 rpm. The PL spectra of the both samples exhibit a broad band 

covering the range from 350 to 700 nm. The blue emission peaks with different intensity are 

located at 420 nm. It was established that higher milling speed led to obtain of CaWO4 material 

with higher crystallite size, higher optical band gap and stronger blue emission. 
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Figure 1. Emission spectra of mechanochemical synthesized of CaWO4-I and CaWO4-II. 

 

Acknowledgements: The authors thank project Д01-272/02.10.2020 - "European Network on Materials for 

CleanTechnologies" (TwinTeam), funded by the Ministry of Education and Science under the National 

Program "European Scientific Networks". 

 

  



METMAT2022 

Sandanski, Bulgaria | September 07-10, 2022 

74 
 

  Topic C 

C03 

Theoretical study of the guanine tautomerism in gas phase and aqueous solution 
 

Nina Stoyanova and Venelin Enchev 

Institute of General and Inorganic Chemistry, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria 

E-mail: n.stoyanova@svr.igic.bas.bg  

 

Keywords: tautomerism, guanine, ab initio calculations 

 

Nucleobases and their nucleosides are a subject of experimental and theoretical research, 

because through binding in pairs they play a key role in the translation and coding of genetic 

information in living organisms.Their analogues are also used in the medical treatment of variuos 

diseases. Guanine is one of the building blocks of nucleic acids and has the potential to form at 

least 15 tautomers and several rotameric forms. The relative distribution of guanine tautomers 

strongly depends on the environment. A number of studies have been devoted to determining the 

most preferred tautomeric forms of guanine [1-6]. In the literature, most authors report for 4 

tautomers, but include different tautomeric forms in this list [7, 8]. 

In the present study we employed ab initio methods to find the most stable guanine 

tautomers in the gas phase and in microhydrated environment as well as their relative stability. 

Two different approaches to investigate the solute-solvent interaction were used: as polarizable 

continuum (PCM) and through microhydration of the guanine molecules (Figure 1). In gas phase 

we found that N9H keto (G1) is the most stable form, followed by  N7H keto (G2) which are 

practically isoenergetic, N9H enol (G5) and its rotameric form also have low relative energy. The 

stability order in the gas phase (in kcal mol-1) found at SCS-MP2/6-31+G(d,p) level is: G1 (0.00) > 

G2 (0.38)  > G5 (1.14) > G5-1 (1.94)  > G6 (4.68) > G3 (6.41) .  

 
Figure 1. MP2/6-31+G(d,p) optimized clusters of seven-hydrated guanine tautomers (G1-G6) and their SCS-MP2/6-

31+G(d,p) calculated relative free Gibbs energies (ΔG) in kcal mol-1. 
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The stability order changes significantly as more rare tautomers can be found in solution. 

The most stable tautomer in water environment is the non-canonical G2, as they are almost 

isoenergetic with G1. G2 also has the highest percentage content (58.44 %), and tautomers whose 

content in the gas phase is very low can be present in solution. The stability order according to the 

percent content in water solution is found to be: G2 (58.44 %) > G1 (38.97 %) > G3 (2.17 %) > G5-1 

(0.38 %) > G5 (2.84x10-2 %) > G4 (2.11x10-3 %) .  The change is more noticeable for tautomer G4, 

which in the gas phase has a value of 4.06x10-12, and in solution it is several orders of magnitude 

more.  

So far, no one has investigated the tautomerism of guanine in aqueous solution presented 

both with a hydrate shell and placed in a solvent environment. From the obtained results it is clear 

that both in gas phase and in aqueous solution guanine can be present in several tautomeric 

forms. It remains to be clarified whether and in what way tautomeric conversions are possible and 

whether they are thermodynamically and kinetically feasible. 
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Calcium phosphate bioceramics play an important role in dentistry and orthopedics owing to 

their similarity with bone mineral composition, biocompatibility and osseointegration properties. 

High-energy milling is an effective method for obtaining uniform, nano-sized and surface-activated 

powder mixtures as precursors for bioceramic materials. 

The aim of the present study is to evaluate the effect of high-energy dry milling on the phase 

and thermal characteristics of the initial equimolar mixture of Ca(OH)2 and CaHPO4 when treated 

for 5, 11, 24, 48 and 120 hours. The prepared powder was characterized by X-ray diffraction (XRD), 

DTA-TG-MASS and solid-state NMR analysis. 

The results show an initial amorphization of the starting substances with increasing grinding 

time up to the 11th hour. When the mechanical activation time is extended to and beyond 24 

hours, a solid-state reaction in the highly activated powder matrix occurs, leading to the formation 

and growth of hydroxyapatite. We explain the course of this reaction by the presence of identical 

fragments in the structures of CaHPO4 and Ca5(PO4)3OH. 

The difference in the phase composition of the starting mixtures is the reason for the 

differences in their thermal stability and behavior during the sintering processes. The 

decomposition of Ca(OH)2 and CaHPO4 takes place simultaneously in the range between 300 and 

500oC, after which hydroxyapatite and β-Ca3(PO4)2 are formed in parallel from the obtained CaO 

and Ca2P2O7. The mechanochemically produced slightly crystalline hydroxyapatite remains stable 

during heating up to 1000oC, increasing its crystallinity as the temperature increases. After 1000oC 

begins its partial decomposition and appearance of α- and β-Ca3(PO4)2. 
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It is well known that the class of compounds Me2(WO4)3, (Me = Y, Sc, In, Al or lanthanides 

with small ionic radii—Ho, Er, Tm, Yb, and Lu) are largely studied as competitive host materials for 

active ions in the optical field due to their promising applications for lasers, optical fibers, 

scintillators or phosphors. Eu3+ doped tungstates would find excellent application as host materials 

for red emission due to their high quantum efficiency, strong absorption in UV, thermal and 

chemical stability and effective energy transfer between WO4 complex and the rare earth ions. 

Our previous study on luminescent properties of 2 mol % Eu3+ Sc2-xInx(WO4)3 solid solutions 

showed that the most intensive red luminescent was obtained for Sc2(WO4)3.  

Motivated by the stated above, we have synthesized Sc2(WO4)3 with different doping 

concentrations of Eu3+ to study the effect of doping content on photoluminescent properties. In 

this research 2, 3 and 5 mol % Eu3+ doped Sc2(WO4)3 was prepared by solid state reaction. The 

structure and the luminescence properties were studied. 

The X-ray patterns showed that pure Sc2(WO4)3 with orthorhombic was synthesized. The 

missing peaks of an admixture phase in the X-ray patterns and the slight shift of peaks at higher 

values 2Θ with Eu3+ doping is a proof that pure Sc2(WO4)3 was obtained and that Eu3+ ion is 

occupying Sc3+ position. 

The optical properties and their variation with the Eu2O3 concentration were established. 

The observed existence of host lattice absorption band when monitoring the Eu3+ emission at 612 

nm suggests that the energy absorbed by the tungstate groups can subsequently be transferred to 

Eu3+. As a result of this non-radiative energy transfer the emission intensity is prominently 

enhanced. It can be seen that with the increase of Eu3+ content the emission intensity increases 

and reaches its maximum at about 3 mol%. Further increase of the concentration leads to a 

reduce the luminescence intensity due to the concentration quenching effect.  

The intensity of the emission can be influenced by the site symmetry of the active ions. The 

increasing trend of the obtained values for the emission intensity ratios R (5D0→7F2 to 5D0→7F1) 

(from 6.42 to 6.61) with increase of Eu3+ content (except for the Sc2(WO4)3 :5 mol % Eu2O3) is an 

indication for high asymmetry around Eu3+. 

CIE chromaticity coordinates of samples were calculated. Near equivalent values to the 

standard (NTSC) coordinates for pure red color (x = 0.670, y = 0.330) were obtained, indicating a 

color purity of the phosphors. The results have been discussed and compared with other 

phosphors for LED applications. 
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Optical complexes of EuIII with chromophore ligands are an object of continuous interest 

from a wide group of researchers, because of their high luminescent efficiency. Their red emission 

is highly monochromatic and is characterized by a sharp, well-defined spectral interval. Such 

properties are extremely valuable for the development of LEDs, displays and lasers [1]. The high 

quantum yields, observed for lanthanide complexes are pre-determined by 3 main factors: strong 

absorption in the UV range of the spectrum, effective ligand-to-metal energy transfer and non-

radiative energy transfer suppression [2]. A prospective group of ligands, where all 3 factors could 

be controlled are the organic phosphine oxides. A significant number of studies indicated that 

modifications in a certain structural unit of the phosphine oxide molecules can influence one of 

the three factors, without inducing distinctive changes in the rest [3]. The experimental results, 

accumulated so far, allow only qualitative description of the correlation between the 

luminescence quantum yield and the structural features of the ligands.  

 

 

 

 

 

 

Figure 1. Molecular structures of a) Eu(hfa)3(DPPTO)2, b) Eu(hfa)3(TPPO)2, c) Eu(hfa)3(DPEPO), d) Eu(hfa)3(BIPHEPO) 

The molecular and electronic structures of four highly-luminescent complexes of EuIII with 

phosphine-oxide based ligands were modelled with the help of quantum chemical calculations, in 

ground and excited state. The monodentate triphenylphosphine oxide (TPPO) and 2-

diphenylphosphoryltriphenylene (DPPTO) [4], as well as the bidentate Bis[2-
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(diphenylphosphino)phenyl] ether oxide (DPEPO) and 1,1’-biphenyl-2,2’-diylbis(diphenyl 

phosphane oxide) (BIPHEPO) [5,6] have been employed as neutral ligands in the structures of the 

complexes, combined with hexafluoro acetylacetonate counter-ions. All compounds are 

characterized by high quantum yields (55-72%) and efficiencies (over 80%). Geometries and 

vibrational frequencies in ground states have been reproduced with the help of DFT calculations, 

namely ωB97xD hybrid exchange-correlation functional and a combined basis set. The electronic 

structure of EuIII is represented with the help of effective-core potential MWB52, replacing the 

[Kr]4d104f6 configuration and explicit treatment of the 5s25p66s25d16p0 layers with 

(7s6p5d)/[5s4p3d] basis functions. Light atoms employ 6-31G* basis for C, F and H-atoms, while O 

and P-atoms are modelled with 6-31+G* basis functions. The excitation spectra and optimized 

geometries in first singlet, and first triplet excited states were obtained with the help of TDDFT 

approach [7]. Quasi-degenerate perturbation theory (QDPT) yields estimates for the spin-orbit 

coupling between singlet and triplet excited states [8]. Based on the obtained results, the rates of 

the radiative and the non-radiative transitions S1→S0, S1→Tn, Tn→S1 and T1→S0 were calculated. 

Ligand-to-metal energy transfer rates were predicted with the help of the formalism, defined by 

Malta and co-workers [9]. The analysis of the obtained results allows to understand in more detail 

the correlation between the structure of the luminescent complex and its photophysical 

properties, as well as to develop a starting point for the design of novel highly-efficient solid-state 

luminescent materials, on the base of EuIII complexes with substituted phosphine oxides. 

Calculations and part of the data processing were performed with the program packages 

Gaussian16, ORCA4.2.1, MOPAC2016 and LUMPAC1.4.1. 
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Sol-gel derived materials have attracted much attention due to such advantages as good 

homogeneities, ease of composition control, lowering of the melting or sintering temperature, and 

better control of the microstructure. The method is suitable for obtaining glasses that are usually 

difficult to prepare by melt quenching owing to their high melting temperature or tendencies 

toward crystallization and phase separation.  

The present investigation represents the sol – gel obtaining of TiO2/TeO2/MnOm (MnOm = 

B2O3, ZnO) amorphous materials which is extending our investigations in this direction. The aim of 

the present study is to compare the gel formation ability, phase and structural peculiarities as well 

as the photocatalytic and antibacterial properties of gels containing a classical network former 

B2O3 and an intermediate oxide ZnO.  

Different, transparent and monolithic gels were obtained varying the content of the 

components. They were prepared starting from organic and inorganic precursors. Titanium 

butoxide was used as a precursor for introducing the TiO2, telluric (VI) acid for TeO2, boric acid for 

B2O3 and zinc acetate for ZnO.  

It was found that the samples heated up to 300-400C consist mainly of an organic–inorganic 

amorphous phase which is completely transformed into inorganic one above these temperatures. 

Hydrolysis processes take place between 200C and 400C. It was established that H6TeO6 

accelerates the hydrolysis of titanium butoxide. The thermal stability of the obtained gels in the 

temperature range 150-500C was investigated. The phase formation and structure of the gels 

were studied by XRD, IR and UV-Vis spectroscopy. The microstructure of the gels was verified by 

scanning electron microscopy (SEM). The performed photocatalytic tests showed that the samples 

possess photocatalytic activity toward Malachite green organic dye. All compositions exhibited 

good antimicrobial activity against E. coli K12. 
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