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Abstract

:

The oxidation reactions of BaLaCuS3 in the artificial air atmosphere were studied at different heating rates in the temperature range of 50–1200 °C. The oxidation stages were determined by DSC-TG, XRD and IR–vis methods. The kinetic characteristics of the proceeding reactions were obtained with the use of the Kissinger model in a linearized form. Compound BaLaCuS3 was stable in the air up to 280 °C. Upon further heating up to 1200 °C, this complex sulfide underwent three main oxidation stages. The first stage is the formation of BaSO4 and CuLaS2. The second stage is the oxidation of CuLaS2 to La2O2SO4 and copper oxides. The third stage is the destruction of La2O2SO4. The final result of the high-temperature treatment in the artificial air atmosphere was a mixture of barium sulfate, copper (II) oxide and La2CuO4. The mechanism and stages of BaLaCuS3 oxidation and further interactions of the components were discussed.
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1. Introduction


It is known that artificial non-oxide compounds produced for the use in the green energy technology, modern electronics and optics and thin chemistry technologies often contain heavy metals and chemical elements toxic to humans and the environment [1,2,3,4,5,6,7,8,9]. The products of their transformation/degradation induced by the contact with the chemically active air components and temperature variation may be dangerous. Generally, the chemical stability of such compounds in the air atmosphere is among the main factors that determine their mass production, consumption and durability. However, it is a common situation that only scarce information is available in the literature concerning the behavior of any selected crystalline material in the air environment at ambient conditions or on heating [7,10,11,12,13,14,15,16,17,18,19,20]. However, in these studies, only very initial stages of the chemical interaction of chalcogenide crystals or films with air components were considered, as it is needed for the semiconductor technology or optical surface preparation. The deep material degradation mechanisms, including thermal effects and chemical transformations, remain practically unknown. In this regard, complex chalcogenide materials are of particular interest because a continuous oxidation due to chemical interaction with oxygen can be reasonably assumed even at normal conditions, and it can be activated at higher temperatures.



Complex chalcogenide compounds typically belong to semiconductor materials and have a number of valuable properties regarding their use in optical systems and electronic technologies [3,5,6,7,12,15]. Presently, Cu-containing sulfides and selenides are considered to be promising compounds for the use in solar energy technologies, and it arouses a general interest in the crystal chemistry and properties of complex Cu chalcogenides, including the search for new materials [5,21,22,23,24,25,26,27,28]. In particular, chalcogenide compounds with generalized composition ABCX3, where A—alkaline-earth metal, B—d- or f-element, C—other d-element, X—chalcogenide, can be considered. These compounds are valuable due to their diverse optical, magnetic and semiconductor properties [24,29,30,31,32,33,34]. The oxidation of the ABCuX3 substances has not been studied. However, fragmentary information is available concerning the oxidation of related simple chalcogenides. For example, the multi-step oxidation of EuS to Eu2O2S was studied in [35]. In the works on synthesis and investigation of properties of selected Ln2O2S compounds, including those obtained from Ln2S3, a relative stability of the Ln2O2S crystals was reported [36,37,38]. Cu2S and CuS are stable, and these sulfides were found in nature in the form of minerals Chalcozine and Covelline with some variations in their composition [39,40]. As is well known, Cu2S and CuS can be converted to CuO/Cu2O oxides upon the oxidation reaction and evaporation of the gas fraction of sulfur oxides [41,42,43,44]. The oxidation of barium-containing sulfides with the formation of mineral barite (BaSO4) was earlier considered in biological and geochemical processes [45,46].



The present study is aimed at the detailed evaluation of the oxidation process of BaLaCuS3, a representative member of the ABCuX3 family, when this compound is in contact with the air at higher temperatures. The BaLaCuS3 powder is synthesized by the sulfidation reaction. Then, the thermal effects in the oxidation reactions in the artificial air are evaluated in the temperature range from 50 to 1200 °C. The phase composition of the intermediate and final products is determined by the X-ray diffraction analysis.




2. Materials and Synthesis


BaLaCuS3 was prepared in the powder form by the sulfidation of oxide mixture obtained by the thermal decomposition of metal nitrate solution. The following reagents were used as starting materials: Cu (99.9%, SZB Tsvetmet, Tobolsk, Russia), BaCO3 (99.99%, ultrapure, KAI YONG, Nanzhong, China), La2O3 (99.99%, ultrapure, TDM-96 Ltd., Yekaterinburg, Russia), concentrated nitric acid (99%, pure, Vekton Ltd., St. Petersburg, Russia) and ammonium rhodanide NH4SCN (98%, Vekton Ltd., St. Petersburg, Russia). First, Cu, BaCO3 and La2O3 were weighted according to the nominal molar ratio 1:1:1. Then, the reagents were dissolved in nitric acid. In the next step, the solution was slowly evaporated to make a solid nitrate mixture. After this, the nitrate mixture was decomposed at 900 °C to reach a stoichiometric oxide batch. A more detailed method description of the technological steps can be found elsewhere [24].



The synthesis of BaLaCuS3 was performed by the sulfidation of the oxide mixture at temperatures above 1000 °C in the atmosphere of a mixture of argon and sulfidizing gases. The vertical quartz beaker with a lateral gas venting was used as a reactor. The sulfidizing gas mixture was obtained by passing the argon flow through boiling ammonium rhodanide at 200 °C. The sulfidizing gases were fed directly into the oxide mixture through a quartz tube. A water trap was installed at the quartz reactor gas outlet to avoid the atmospheric air poisoning. The gas flow rate was fixed at the level of ~0.8 L·min−1. The synthesized oxide batch was inserted into an open graphite crucible. Then, the graphite crucible was inserted into the reactor and heated in the inductive loop of the DD-2511 high-frequency induction heater (Shenzhen Dongda Industrial Co., Shenzhen, China). The high-frequency current unit was calibrated for a graphite crucible with the height of 50 mm, outer diameter of 30 mm and wall thickness of 3 mm. The graduation was carried out by a visual detection of the transition to the melt of metals with the well-known melting point (Ag, Cu, Ni). The crucible temperature during the reaction of sulfidation was ~1150–1200 °C. At the end of the synthesis, the heating of ammonium thiocyanate was stopped and the induction heater was turned off. The sample was cooled to room temperature in an argon flow for about 20 min.



The oxidation of BaLaCuS3 was carried out in the artificial air flow in the temperature range of 50–1200 °C on a thermal analysis unit STA 449 F5 Jupiter. Five different heating rates in the range from 1 to 20 °C/min were used in the experiment. The original Netzsch corundum crucibles for DSC analysis with a volume of 85 μL and a diameter of 6.8 mm were used. The weight of the sample for oxidization averaged 60 ± 0.5 mg. To ensure repeatability, sample weights were initially taken on the Analytical Balance ME204/A (METTLER TOLEDO, Columbus, OH, USA). For accuracy, the weighing was performed directly in the crucible. After weighing, the sample was not distributed and pressed in the crucible so as not to reduce the contact area with the air and to avoid spreading the sample from the crucible during the gas escape.



Oxidation was performed in a gas flow of 20 mL/min, and the furnace was cooled down at 10 mL/min to room temperature. After cooling of the furnace, the sample was poured into an agate mortar, crushed and analyzed by XRD.




3. Characterization


The powder diffraction data of BaLaCuS3 for Rietveld analysis were collected at room temperature with a Bruker D8 ADVANCE powder diffractometer (Cu-Kα radiation) and linear VANTEC detector. In the characterization of the synthesized BaLaCuS3 phase, the 2θ step size was fixed at 0.006°. In the characterization of the intermediate products obtained by oxidation, the 2θ step size was 0.025°. The counting time was 2 s per step for all analyses.



The simultaneous thermal analysis was performed in the O2/Ar (99.999%, Russia) flow with the use of a STA 449 F5 Jupiter (Netzsch, Selb, Germany) instrument equipped with a Pt-PtRh thermocouple. Before measurements, the thermocouple was calibrated using the Netzsch standard kits, which included samples of In, Sn, Bi, Zn, Al, Ag, Au and Ni. The analyzed powder sample was (50–100) ± 0.01 mg in its weight. The results of the DSK/TG experiments were processed in the Proteus-6 software package [47]. The possible error in the phase transition enthalpy determination was ±2%. The possible error in determining the mass loss was established by the test DSC/TG measurements carried out for the compounds of precisely known composition: CuSO4 × 5H2O, ZnSO4 × 7H2O and RE2(SO4)3 × 8H2O [48]. In the mass loss determination, the possible error level was as low as 0.3%.



The IR spectra were recorded on an FSM 1201 FTIR spectrometer (Infraspek, Saint Petersburg, Russia) at the spectral resolution of 0.1 cm−1. The disk-shaped samples were fabricated by pressing a mixture of BaLaCuS3 and calcined KBr at the mass ratio of 1:100. The reflection spectra were recorded with the use of a Shimadzu UV-3600 (Shimadzu, Kyoto, Japan) spectrophotometer over the spectral range of 185–3300 nm. The particle micromorphology was observed by scanning electron microscopy (SEM) using a TESCAN MIRA3 LMU-EDS (Tescan, Brno, Czech Republic) device with an EDX device (Oxford instruments, Oxford, UK).



The specific surface area and pore space parameters of the BaLaCuS3 sample after synthesis were estimated by the N2 adsorption–desorption isotherms at 77 K on an ASAP 2020 Micrometrics equipment. Before measuring adsorption, the sample was degassed at 400 in a 1 mmHg vacuum to remove moisture. The Branauer–Emmett–Teller (BET) method was used to measure the surface area. The total pore volume was estimated from the adsorbed nitrogen volume at P/Po of about 0.99. The average pore size was determined by the Barrett–Joyner–Haland method (BJM) over a thickness range of 1.7 to 300 nm. The micropore volume was determined by the t-plot method.




4. Results and Discussion


The photo of the synthesized product is shown in Figure 1a. As a result of the sulfidation reaction, the uniform brick-color powder sample was obtained. The recorded XRD pattern is presented in Figure 1b. All peaks were successfully indexed by the orthorhombic unit cell (space group Pnma) with parameters close to those previously reported for BaLaCuS3 (Figure S1 see Supplementary Materials) [29]. Therefore, this structure was taken as a starting model for Rietveld refinement which was performed using the TOPAS 4.2 package [49]. The refinement was stable and yielded low R-factors (Table 1, Figure 1b). The atom coordinates and the main bond lengths determined for the powder BaLaCuS3 sample are given in Table S1 and Table S2, respectively.



The optical diffuse reflection spectrum recorded for the BaLaCuS3 sample is shown in Figure 2. As it is seen, the fundamental absorption is evident at the wavelengths shorter than ~500 nm. The optical bandgap determined with the use of the Kubelka–Munk algorithm [24,27,50] is equal to 2.04 eV for direct transitions, and it is close to the value of 2.00 eV earlier reported for the single-crystal BaLaCuS3 sample in [29]. In addition, the DFT calculation implemented for BaLaCuS3 in [33] also yielded the band gap width of 2.00 eV. Thus, it is verified that a single-phase BaLaCuS3 powder sample was obtained in the present work.



In the oxidation experiments, DSC (Figure 3) and TG (Figure 4) curves were obtained with a set of different thermal effects. As it is evident, the number and, in several cases, the temperature position of the thermal effects are significantly dependent on the heating rate. The kinetic parameters of the oxidation stages were calculated from the DSC data obtained at different heating rates (1, 3, 10, 15 and 20 °C/min). The kinetic characteristics were determined by the Kissinger model in the linearized form [51]:


   1 T  = −  1 E  · R l n  b   T 2    +  R E  l n   A R  E  ,  








where T is the temperature (K) at which the process speed is maximal, b is the heating rate (K/s), E is the activation energy and A is the pre-exponential multiplier. The results are listed in Table 2.



From the comparison of the DSC curves, the highest number of thermal effects is detected at the heating rate 15 °C/min, and just this heating rate was used in the experiments aimed at the determination of the phase composition of intermediate products. For clarity, the superimposed DSC and TG curves recorded at a heating rate of 15 °C/min are shown in Figure 5, where the detected thermal effects are numerated. As it is seen, exo-effects are observed at the temperatures of up to ~900 °C, and endo-effects are found at higher temperatures. For other heating rates, Thermal Effects 1–12 are slightly shifted in temperature and partly disappear. To determine the phase composition of the intermediate products, the following algorithm was used. For each thermal effect, a new portion of BaLaCuS3 was heated at heating rate of 15 °C/min up to the temperature specified for the middle of the thermal effect. Then, the heating was terminated and the sample was quenched at the cooling rate of 50 °C/min to room temperature. After the cooling and extraction from the crucible, the sample was studied by XRD and IR–vis methods. The recorded XRD patterns and difference Rietveld plots are shown in Figure S2. The results of the XRD analysis are summarized in Table S1 and Table 3, and the assumed chemical reactions are given in Table 4.



Thus, BaLaCuS3 undergoes a multistage oxidative decomposition on the heating in the air atmosphere. When the sample is heated to the onset of Thermal Effect 1 at 280–390 °C, there is a slight mass loss followed by the mass stabilization, as evident in Figure 4 and Figure 5. This mass variation likely occurs due to the burn-up of excess sulfur in the sample. The initial BaLaCuS3 oxidation stage is characterized by the release of barium from the sulfide environment of the LaCuS2 layers. It is known that barium is a lithophilic element, and therefore the general trend is its transition from a sulfide environment to a more characteristic sulfate form. This process, according to stoichiometry, corresponds to a mass gain of about 15% (at 15 °C/min) (Figure 4 and Figure 5). Such increase in mass is observed up to temperatures of 800–850 °C for all heating rates, except the case of 20 °C/min. At this stage, according to the phase composition changes (Table 3 and Table 4), the second oxidation process is started in parallel, and it is governed by the transition of the next lithophilic element (lanthanum) from the sulfide environment to the oxosulfide form.



For the heating rate of 20 °C/min, there is no clear maximum in mass on the TG curve. In this case, two superimposed competing effects result in the smoothing of the mass change, as presented in Figure 4.



Judging by the phase compositions found for Thermal Effects 1–4, the initial BaLaCuS3 oxidation stage is complicated by the formation of a glassy form represented in the XRD patterns as a halo with a maximum at 2θ~20° (d = 4.66 Å). To verify the formation of the sulfate units, the IR spectra were recorded for the samples subjected to heating up to 380 and 530 °C, as shown in Figure 6. As seen, the presence of the SO42− anions is evident [35,51,52]. At the initial stage (up to 400 °C, Effect 1), the structure is quite labile (kinetic parameters are the lowest, Table 2): the energy of oxidation activation is as low as 77 kJ/mol. Then, according to the increasing halo intensity (the glass-like content increases), the oxidation of the sulfide–barium component begins to be kinetically hindered and reaches a maximum at a temperature of ~600 °C (Table 2). This is consistent with the high kinetic inertia for this step (Effect 4), and the oxidation activation energy is as high as 625 kJ/mol (Table 2). The isotropy of the process at this stage is much higher (a preexponential multiplier 8∙1035 that is 10–30 orders of magnitude higher compared to Effects 1–3), and that is more peculiar to vitreous forms than crystalline ones.



Further, in the temperature range of 700–800 °C, the vitreous component is disappeared, and the related halo is not observed in the XRD patterns. Accordingly, the lability of the mixture increases due to the complete oxidation of BaLaCuS3, the activation energy of oxidation decreases up to 244 kJ/mol (Effect 6) and the preexponential multiplier decreases by 26 orders up to 7∙109.



In the second stage of oxidation with the transition of lanthanum from the sulfide to oxosulfide form with partial replacement of sulfide environment of lanthanum by the oxide one (Effect 7), the kinetic inertia increases slightly again and the activation energy of oxidation increases to 435 kJ/mol:


CuLaS2 + 1.5O2 = LaCuOS + SO2.











Effects 8 and 9 occur at close temperatures and the process of converting lanthanum oxosulfide to the oxosulfate form is likely to be attributed to Effect 8, and the process of burning the sulfide–copper component—to Effect 9. The related reactions can be described by equation


6LaCuOS + 11O2 = 3La2O2SO4 + 2CuO/Cu2O + 3SO2.











The correlation of the decomposition sequence of sulfide components of barium, lanthanum and copper with coordination characteristics is clearly observed. Thus, polyhedron BaS7 (one capped trigonal prism) is the least stable. The LaS6 octahedron is more stable, and the CuS4 tetrahedron is least susceptible to the oxidative attack [53,54]. The resulting oxidation products have an even higher inertia (Table 4). Further, the processes of decomposition of lanthanum oxosulfate and formation of copper oxides are proceeding in parallel (Table 4). This is consistent with the previous works [55,56]. According to the available information about the oxidation of RE2O2SO4 [55], La2O2SO4 is decomposed to La2O3 and SO2. This transformation is confirmed by the weight loss above 1135 °C. However, the La2O3 phase was not observed in the related XRD pattern. Instead, a halo with a maximum at 2θ~21° (d = 4.21 Å) was found. Most likely, the lanthanum oxosulfate decomposition product is involved in the glass phase formation with other BaLaCuS3 oxidation products. Upon further heating, the halo is eliminated, and a La2CuO4 phase is formed.



Commonly, La2CuO4 is synthesized by the low temperature methods, sol–gel methods or by the decomposition of a mixture of lanthanum oxalate and copper oxalate [57,58,59]. Thus, a novel method of high-temperature La2CuO4 synthesis can be proposed through a decomposition reaction of a mixture of lanthanum oxosulfide and copper oxide. Given that the reaction undergoes an amorphous phase, an interesting morphological property can be expected. It is also worth considering a reaction not only with CuO, but also with the use of Cu2O or metal copper in the air atmosphere. It is worth noting that La2CuO4 is one of the first superconductors [60] and it has interesting magnetic properties [61]. Today, this cuprate is investigated as a promising catalyst in the CLOU process [62] and as an activator of peroxymonosulfate for the decomposition of organic compounds [63,64].



According to the available data, the oxidation of the BaLaCuS3 substance in the artificial air atmosphere at temperatures above 1200 °C can be expressed by equation


2BaLaCuS3 + 10.5O2 = 2BaSO4 + CuO + La2CuO4 +4SO2.











The final oxidation product is a mixture of barium sulfate, copper (II) oxide and complex oxide La2CuO4. Barium and most of its compounds are toxic to humans. However, barium sulfate is insoluble and chemically stable, and that makes it safe for humans and the environment. CuO in natural conditions is highly likely to form (CuOH)2CO3 [65] with time due to the interaction with active atmosphere components. As to La2CuO4, the impact of this compound on humans and the environment remains unknown.



The SEM patterns recorded at different steps of oxidation of the BaLaCuS3 particles are shown in Figure 7 and Figure S3. The EDX mapping analysis is presented in Figures S4–S9. For comparison, the particle morphology, just after the synthesis of BaLaCuS3, can be observed in Figure 8. The related EDX mapping analysis can be observed in Figure S10. In the temperature range of 380–630 °C, the grains become more porous due to a loss of gaseous components. In parallel, as it is clearly seen in Figure 7B, a grid of needle-like formations appeared at the particle surface, and such shapes are characteristic for BaSO4 crystals. Such a porous framework can provide a good air access to the entire grain volume. Based on the data, it can be assumed that the effects associated with the first five oxidation effects belong to more complex processes of intermediate oxidation of BaLaCuS3. Further SEM images indicate the destruction of the barium sulfate framework into smaller crystallites. This process proceeds up to 1100 °C, where a strong loosening of the sample is observed and the crystals different in morphology are formed. In addition, a very porous structure can be noticed, which may be attributed to an amorphous halo in the XRD pattern recorded for the sample treated at 1137 °C. At the final stage, closely packed agglomerates of partly faceted crystals, apparently attributed to CuO and La2CuO4, are seen in Figure 7F.



The estimated specific surface area and pore size parameters of the BaLaCuS3 sample are listed in Table 5. The specific surface of the pure compound BaLaCuS3 is not large and also does not have a large number of pores. This suggests that the oxidation must proceed in layers, and in some cases, the oxidized layer can serve as a protective layer preventing further oxidation. Based on the XRD data, this assumption is confirmed by the multistage formation of barium sulfate.




5. Conclusions


In the present study, a complex analysis of the BaLaCuS3 oxidation stages was carried out, and the intermediate and final products were identified. Based on the phase composition analysis, the thermogravimetric and kinetic characteristics of each thermal effect were provided, and the oxidation mechanism was proposed. After the oxidation at 1137 °C, BaLaCuS3 is completely transformed into a mixture of BaSO4, CuO and La2CuO4. These oxides are stable, and further oxidation reactions are prohibited. However, hydration reactions in contact with the air can be reasonably assumed with time. Similar oxidation steps can be reasonably proposed for other BaLnCuS3 compounds, but specific behavior can be supposed for such rare-earth elements as Ce, Pr and Tb, the valence state of which can be changed in the oxidation process.
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Figure 1. Photo (a) and XRD (b) pattern of powder compound BaLaCuS3 (red dots—experimental pattern Yobs, black line—calculated pattern Ycalc, grey line—difference Yobs-Ycalc, green lines—Bragg positions of reflections). 
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Figure 2. Diffuse reflection UV–vis spectra of BaLaCuS3. 
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Figure 3. DSC curves of BaLaCuS3 oxidation, as recorded at different heating rates. 
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Figure 4. TG curves of BaLaCuS3 oxidation, as recorded at different heating rates. 
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Figure 5. DSC (black) and TG (red) curves of BaLaCuS3 oxidation, as recorded at 15 °C/min. 
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Figure 6. IR–vis spectra of BaLaCuS3, pure and oxidized at 380 °C (black) and 530 °C (red). 
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Figure 7. SEM patterns recorded for the intermediate products of the BaLaCuS3 oxidation at 50 μm. (A) first state at 380 °C, (B) at 650 °C, (C) at 900 °C, (D) 1000 °C, (E) 1100 °C, (F) 1200 °C. 
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Figure 8. SEM of BaLaCuS3 just after the synthesis. 
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Table 1. Main processing and refinement parameters of the BaLaCuS3 sample.
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	Compound
	BaLaCuS3
	BaLaCuS3 [29]





	Phase type
	powder
	single crystal



	Space group
	Pnma
	Pnma



	a (Å)
	11.34724(3)
	11.316(2)



	b (Å)
	4.249621(12)
	4.236(1)



	c (Å)
	11.73683(3)
	11.724(2)



	V (Å3)
	565.967(3)
	562.0(2)



	Z
	4
	4



	2θ-interval, °
	12–130
	-



	Rwp, %
	3.51
	-



	Rp, %
	2.46
	-



	χ2
	2.22
	-



	RB, %
	1.3
	5.9
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Table 2. Oxidation kinetic characteristics of BaLaCuS3.
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Effect

	
Exo

	
Exo

	
Exo

	
Exo

	
Exo

	
Exo

	
Exo

	
Exo

	
Endo

	
Endo

	
Endo

	
Endo




	
Heating Rate, °C/min

	
Number of Peak/Temperatures, °C




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12






	
20

	
390.3

	
515.1

	
537.3

	
599.2

	
746.2

	
805.1

	
892.9

	
-

	
1069.7

	
1098.5

	
1141.2

	
1162.5




	
15

	
371.4

	
511.7

	
527.4

	
595.2

	
738.8

	
788.3

	
871.3

	
937.8

	
1012.9

	
1032.1

	
1135

	
1159.4




	
10

	
352.6

	
508.1

	
523.5

	
591.8

	
732.2

	
760.9

	
859.7

	
908.5

	
1024.8

	
1036.8

	
1128.3

	
1158.2




	
3

	
312.9

	
495.2

	
-

	
587.2

	
718.9

	
721.7

	
847.9

	
861.8

	
1004.4

	
1028.3

	
1118.8

	
1153.5




	
1

	
280

	
479.2

	
-

	
567.2

	
697.4

	
703.3

	
810.6

	
-

	
1005.3

	
1027.1

	
-

	
1150.2




	
Ea, kJ/mol

	
77

	
417

	
270

	
625

	
526

	
244

	
435

	
233

	
1000

	
1020

	
1493

	
4348




	
A

	
1·104

	
8·1025

	
5·1015

	
8·1035

	
2·1025

	
7·109

	
4·1017

	
6·107

	
1·1038

	
2·1038

	
5·1053

	
2·10158
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Table 3. Phase composition of BaLaCuS3 oxidation products at heating rate 15 °C/min.
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	Heating Stop Temperature, °C
	Peak Number
	Phase Composition
	Note





	380
	1
	BaSO4 + CuLaS2 + BaLaCuS3
	halo at 20° 2θ



	518
	2
	BaSO4 + CuLaS2 + BaLaCuS3
	halo increase



	560
	3
	BaSO4 + CuLaS2 + BaLaCuS3
	halo increase



	630
	4
	BaSO4 + CuLaS2 + BaLaCuS3
	halo increase



	760
	5
	BaSO4 + LaCuOS + BaLaCuS3
	lack of halo



	790
	6
	BaSO4 + LaCuOS
	



	872
	7
	BaSO4 + LaCuOS
	



	940
	8
	BaSO4 + LaCuOS + La2O2SO4
	formation Cu2O



	1020
	9
	BaSO4 + La2O2SO4 + Cu2O + CuO
	increase in Cu2O



	1045
	10
	BaSO4 + La2O2SO4 + Cu2O + CuO
	decrease in Cu2O



	1137
	11
	BaSO4 + La2O2SO4 + CuO
	halo at 20° 2θ



	1165
	12
	BaSO4 + La2O2SO4 + CuO + La2CuO4
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Table 4. Oxidation of BaLaCuS3 at heating rate 15 °C/min.
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	Temperature, °C
	Chemical Process





	380–739
	BaLaCuS3 + 2O2 = BaSO4 + CuLaS2



	788–871
	CuLaS2 + 1.5O2 = LaCuOS + SO2



	938
	6LaCuOS + 11O2 = 3La2O2SO4 + 2CuO/Cu2O + 3SO2



	938–1032
	Cu2O + 0.5O2 = 2CuO



	from 1135
	La2O2SO4 = La2O3 + SO2 + 0.5O2



	from 1159
	La2O3+ CuO = La2CuO4
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Table 5. Textural properties of BaLaCuS3.
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	BET, m2·g−1
	Micropore Volume, cm3·g−1
	BJH, cm3·g−1
	D *, μm





	0.2698
	0.000143
	0.001681
	11







* Average grain size according to SEM.
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