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Abstract

:

A new compound, Bi2O2CO3:Al, was synthesized by the coprecipitation method. The characterization was done by X-ray diffraction (XRD), Fourier transformed infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), electronic scanning microscopy (SEM), and energy dispersive X-ray spectroscopy (EDX). The characterization methods allowed to identify the Bi2O2CO3:Al compound, such as the Al-doped Bi2O2CO3 by XRD, the anionic part (CO32−) by FTIR, and the presence of aluminum in the compound by XPS and EDX. It was confirmed to have a nanostructure like a nanosheet and a microstructure that resembles a type sponge by SEM.
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1. Introduction


Bismuth-containing compounds and presenting layered structure have attracted attention for their excellent photocatalytic properties under solar light. From this type of compounds, Bi2O2CO3 has a layered structure similar to laminar double hydroxides, which is presented as an arrangement of units (Bi2O2)2+ with the CO32− ions located in the interlaminar zone [1]. This kind of compounds is known as a “sillén” phase, with the general formula [Bi2O2] [Xm] (X = halogen or other ion group), alternating [Bi2O2]2+ and Xn− sheets, which show very high stability at oxidizing environment [2]. Bi2O2CO3 has been an excellent material with varied applications, especially for its remarkable optical and photocatalytic properties in reactions performed under UV and visible light [3,4,5,6,7,8].



Four essential nanostructures have been reported for the compound Bi2O2CO3: nanoparticles [9], nanotubes [10], nanoplates [11], and nanosheets [3]. On the other hand, microstructures have been reported with four basic types of morphologies [12]: sponge [5], rose [13], flower [14], and persimmon [15]. These variations in the basic nano and microstructures of Bi2O2CO3 can be achieved according to the type of synthetic method used (solvothermal, hydrothermal, reflux, etc.), the type of solvent (water, glycerol, ethylene glycol, etc.), the nature of the precursor of Bi3+ (bismuth citrate, bismuth nitrate, etc.), or the reagents used (urea, ammonium carbonate, cetyltrimethylammonium bromide, sodium citrate, etc.) [4,9,10,11,15,16].



The typical synthesis of Bi2O2CO3 has been, mainly, reported under hydrothermal conditions [3,17]. Since Bi2O2CO3 has a wide gap (3.1 to 3.5 eV), it can be easily activated with UV light, so that doping improves its photocatalytic activity towards the visible range [18]. Previous studies have reported the synthesis of Bi2O2CO3 doped with nitrogen [19,20,21], europium [8], carbon [22], lanthanum [23], iron [24], bromine [25], palladium [26], iodine [27,28], sulfur and antimony [6], that have enhanced the photocatalytic properties of Bi2O2CO3 under visible light. However, it is also expected Bi2O2CO3 that own hierarchical structure assembled by nanosheets or nanoplates show more active photocatalysis [2]. Velazco et al. [29] reported the synthesis of Bi2O2CO3 doped with Al for its use as an additive for the crystallization of the CaCO3 polymorphs, without further characterization details than X-ray diffraction and scanning electron microscopy. In the present work, the preliminary results of the characterization of aluminum-doped bismuth subcarbonate (Bi2O2CO3:Al) are reported, which is expected to obtain a compound with an improvement photocatalytic activity; for example, in potential applications in environmental remediation process.




2. Materials and Methods


2.1. Synthesis of Al-Doped Bi2O2CO3


All the reagents were of analytical grade and used without further purification. The Al-doped Bi2O2CO3 was synthesized by a coprecipitation method, according to the procedure followed in the literature [29]. An aqueous solution containing 0.12 mol of bismuth nitrate pentahydrate (Bi(NO3)3·5H2O) and 0.04 mol of aluminum nitrate nonahydrate (Al(NO3)3·9H2O) was prepared in a volumetric flask lined with deionized water, in such a way to have a 3:1 ratio of Bi:Al. This solution was added to a beaker and 20 mL of deionized water were added. The pH was adjusted to 10 with a 0.80 mol/L Na2CO3 solution added and the reaction mixture was placed under constant stirring for 4 hours at 60 °C. The white precipitate formed was washed several times with deionized water and dried in an oven for 12 h at 80 °C.




2.2. Characterization of Bi2O2CO3:Al


The crystal structure of Bi2O2CO3:Al was identified by powder X-ray diffraction, through a PANalytical diffractometer model X’Pert Pro, with a radiation KαCu = 1.5418 Å, operated at 45 kV and 40 mA, in a range 2θ° between 5° and 100°, with a step size of 0.02° every 20 s.



The Bi2O2CO3:Al was characterized by Fourier Transform Infrared spectroscopy in order to identify the bands of the anionic component. This analysis performed on a spectrophotometer Perkin-Elmer, Frontier model in KBr pellet. Surface analysis was carried out by X-ray Photoelectron Spectroscopy (XPS). The XPS spectra obtained with a multi-technique surface analysis system of Physical Electronics (Model 5600 ci) equipped with a hemispheric analyzer, a toroidal monochromator, and a multichannel detector. The pressure in the chamber during analyzes was less than 1 × 10−9 Torr.



Monochromatic Al Kα radiation (at 350 W and 15 kV) was used for high-resolution excitation and in the survey analyzes. The binding energy values (B.E.) were corrected using the C1s signal of atmospheric pollution (285.0 eV). However, the survey and high-resolution spectra are presented as they obtained. The high-resolution spectra were recorded at a take-off angle of 45° and an energy step of 11.75 eV. The low-resolution spectra used an energy step of 93.0 eV.



The relationship of constituent elements and the morphological study achieved in an Oxford energy dispersive X-ray spectrometer (EDX), INCA X-sight coupled to a JEOL scanning electron microscope (SEM), JSM-6390, with a detection time of 1 min and an acceleration voltage of 25 kV.





3. Results


3.1. X-rays Diffraction


Figure 1 shows the X-rays diffraction pattern obtained for the compound Bi2O2CO3:Al. The identification made by X-ray diffraction corresponds to a distinct phase of Bi2O2CO3, this when compared with the standard of the ICDD PDF card No. 00-025-1464, which suggests that Al ions has replaced Bi’s atomic positions and uniformly dispersed within the crystalline structure of Bi2O2CO3 without altering the structure of this subcarbonate, demonstrating that the addition of Al did not influence the crystalline phase. The analysis of the (004) and (110) diffraction peaks (see Figure 1) showed the calculated lattice spacing of 3.423 Å and 2.752 Å, respectively, and they are in agreement with the spacing of d004 = 3.42 Å and d110 = 2.73 Å of Bi2O2CO3 reported [1]. It is apparent that good crystals of Bi2O2CO3:Al were successfully synthesized. Also, the X-rays diffraction pattern showed NaNO3 as impurity that could not be removed from the compound and which was obtained as sub-product during the synthesis.




3.2. Fourier Transform Infrared Spectroscopy


Figure 2 shows the FTIR spectrum of the compound Bi2O2CO3:Al, with the corresponding absorption bands tabulated in Table 1. The measurement of the FTIR spectrum was performed to confirm the anionic part (CO32−) of the compound Bi2O2CO3:Al.



The free carbonate ion, with a point group symmetry D3h, has four modes of internal vibrations [30], which were detected by IR: symmetric stretching mode v1, which appeared at 1066 cm−1; the corresponding antisymmetric vibration v3, observing bands at 1477 and 1385 cm−1; the out-of-plane bending v2, which notes at 846 cm−1; and the in-plane deformation v4, observed at 690 cm−1. Even these results are in agreement with those found for the compound Bi2O2CO3, which confirms the presence of the CO32− ion, only the antisymmetric vibrations v3 showed a slight shift in the frequencies according to literature data (1468 and 1391 cm−1) [13,31]. This can be attributed by change of the Bi-O-Bi-O-Bi to Bi-O-Al-O-Bi arrangement in Bi2O2CO3, which changed the effect of interaction with CO32− ions. On the other hand, the band at 546 cm−1 is attributed to the Bi=O stretching, while the band between 3000 and 3700 cm−1 must correspond to the H-O stretching vibration of chemisorbed or physisorbed water molecules. AL-Majthoub and Refat [32] reported some bismuth subcarbonates with the formula Bi2O2CO3·3H2O, which were synthesized by the reaction of aqueous solutions of urea with various bismuth(III) salts at high temperature. They found that the compounds were hydroscopic and the H2O molecules came from moisture water.




3.3. X-ray Photoelectron Spectroscopy, XPS


The analysis by XPS of all the elements present in the sample was performed, except for H, since this did not observe in this technique. Figure 3 shows the spectrum obtained for the compound Bi2O2CO3:Al. In addition to the XPS signals, the Auger transitions are also observed (for C KLL and O KLL). Table 2 shows the four regions detected by XPS per element. It can observe in the atomic percentages that the Bi and the Al are in a proportion of approximately 2:1, in terms of the total concentration detected of each one. However, it must remember that the XPS measures correspond to surface analysis and do not necessarily express the total content of the sample. Next, the high-resolution analysis performed per detected element.




3.4. High Resolution XPS Analysis Per Element


3.4.1. C1s Region


Figure 4 shows the high-resolution XPS spectrum for the C1s region, where the presence of three peaks is observed at 285.0, 287.0, and 290.2 eV. The total concentration for C1s is 30.44%. From this total amount, the concentrations of the three signals are shown in Table 3. Of the three signals of C1s detected, those centered at 285.0 and 287.0 eV could attribute to carbon species acquired from environmental contamination during the measurements of XPS [14,19,22,33]. On the other hand, the signal at 290.2 eV is attributable to the ion CO32− present in the sample [22,33]. This result confirms what is obtained by FTIR, where the anion present in the compound Bi2O2CO3:Al is the carbonate ion.




3.4.2. O1s Region


Figure 5 shows the high-resolution XPS spectrum for the O1s region, observing the presence of three peaks at 531.8, 533.2, and 534.8 eV. The total concentration for O1s is 50.21%. From this total amount, the atomic concentrations of the three signals are presented in Table 4. The signal at 531.8 eV initially attributes to the species AlO(OH); however, this did not detect by x-ray diffraction. Then, it assumed that this signal must attribute to the chemical environment of Al in the laminar structure of the compound Bi2O2CO3:Al, in the arrangement Bi-O-Al-O-Bi. The presence of H2O corresponds to that chemisorbed or physisorbed on the surface of the compound Bi2O2CO3:Al, whose signal is detected at 534.8 eV and which was also detected by FTIR. The signal at 533.2 eV corroborates what has been observed in the C1s signal, the presence of CO32− in the sample [22,33].




3.4.3. Al2p Region


High-resolution XPS spectrum for the Al2p region exhibits in Figure 6. In this spectrum, two signals can observe at 75.8 and 77.3 eV. The total concentration for Al2p is 6.49%. The atomic concentrations of the different signals are shown in Table 5. The more prominent presence of Al is as the species AlO(OH), with 92.11%, detected at 75.8 eV, which is originated by Al3+. However, as argued for the O1s region, this species was not detected by XRD, which must correspond to the chemical environment of Al3+ in the compound Bi2O2CO3:Al, in the Bi-O-Al-O-Bi arrangement. This result suggests the presence of Al-O bond in the compound Bi2O2CO3:Al. The compound Al2O3 was also observed, which could be due to oxidation of residual Al present in the compound.




3.4.4. Bi4f Region


Figure 7 shows the high-resolution XPS spectrum for the Bi4f region for the compound Bi2O2CO3:Al. There are two sharp characteristic symmetric peaks for the spin-orbital splitting of Bi4f peaks. The total concentration for Bi4f is 12.85% (Table 6). In this case, a binary signal obtained for a single type of chemical environment for the bismuth. These signals correspond to the states Bi4f7/2 and Bi4f5/2, which are originated by Bi3+. As this bond energy is greater than the energy for Bi2O3 (159.3 eV), it can assign to a chemical environment with oxygen and aluminum, which means that this chemical environment for bismuth is of higher ionic character [22,31,33].





3.5. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX)


The morphological characterization of Bi2O2CO3:Al compounds was carried out by scanning electron microscopy. As mentioned, four essential nanostructures have been reported for the compound Bi2O2CO3 [3,9,11], while microstructures with four primary morphologies have been reported [11]. The incidence of these morphologies is intimately related to the synthesis conditions of Bi2O2CO3, where most of them are subject to hydrothermal or solvothermal conditions. In addition to the reaction conditions, other factors such as solvent (water, ethanol, ethylene glycol, and others), type of reactants (nitrates, chlorides, and acetates) or base (NaOH, NH4OH, and urea) can be decisive in the control of the morphology of Bi2O2CO3. The synthesis conditions in this work were based on the controlled precipitation of bismuth nitrate and aluminum nitrate in the aqueous medium.



According to Figure 8a, the SEM image shows a characteristic laminar aggregation or stacking of Bi2O2CO3, with an aggregate size between 5 and 10 μm and irregular shape. Based on the micrograph, it could suggest that the compound Bi2O2CO3:Al crystallized with a nanostructure of the nanosheet type. On the other hand, the microstructure is not entirely defined with the typical ones obtained for Bi2O2CO3; however, its morphology tends to resemble a sponge-type. The qualitative analysis performed by EDX (Figure 8b) confirms the presence of Al in the compound Bi2O2CO3, which certifies the formation of the doped compound.





4. Conclusions


In summary, Bi2O2CO3 doped with Al was synthesized by a simple method of controlled precipitation in aqueous solution, allowing a compound presenting a nanostructure of nanosheets and a microstructure with a morphology resembling a sponge-type, which was revealed by SEM analysis. The formation of this microstructure can be ascribed to the aggregation of numerous nanosheets. The presence of aluminum in the lattice of Bi2O2CO3 was confirmed by XPS, suggesting the presence of the Al-O bond substituting for bismuth atoms in the Bi-O-Al-O-Bi arrangement. Studies are still currently being carried out to evaluate the effect of aluminum over the optical and photocatalytic properties of Bi2O2CO3.
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Figure 1. X-ray diffraction pattern of Bi2O2CO3:Al. 
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Figure 2. FTIR spectrum of the compound Bi2O2CO3:Al. 
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Figure 3. XPS spectrum for the compound Bi2O2CO3:Al. 
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Figure 4. XPS spectrum for the C1s region for the compound Bi2O2CO3:Al. 
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Figure 5. XPS spectrum for the O1s region for the compound Bi2O2CO3:Al. 
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Figure 6. XPS spectrum for the Al2p region for the compound Bi2O2CO3:Al. 
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Figure 7. XPS spectrum for the Bi4f region for the compound Bi2O2CO3:Al. 
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Figure 8. (a) SEM image, (b) EDX spectrum obtained for Bi2O2CO3:Al. 
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Table 1. Main absorption bands in the IR of the compound Bi2O2CO3:Al.
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	Frequency (cm−1)
	Assignment





	3292
	Stretching vibration of H2O



	1477, 1385
	Anti-symmetric vibration v3 of CO32−



	1066
	Symmetric stretching vibration v1 of CO32−



	846
	Out-of-plane bending v2 of CO32−



	690
	In-plane deformation v4 of CO32−



	546
	Stretching vibration of Bi=O
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Table 2. Atomic concentration of the regions detected by XPS.
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	Element
	% Atomic





	C1s
	30.44



	O1s
	50.21



	Al2p
	6.49



	Bi4f
	12.85
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Table 3. Atomic concentrations and assignments for the C1s region for the compound Bi2O2CO3:Al.






Table 3. Atomic concentrations and assignments for the C1s region for the compound Bi2O2CO3:Al.





	Bond Energy for C1s (eV)
	% by Type of C1s
	Assignation





	285.0
	10.72
	C-C, C-H

Carbon from environmental contamination.



	287.0
	50.52
	Some kind of C different to C-C, C-H



	290.2
	38.76
	CO32−
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Table 4. Atomic concentrations and assignments for the O1s region for the compound Bi2O2CO3:Al.






Table 4. Atomic concentrations and assignments for the O1s region for the compound Bi2O2CO3:Al.





	Bond Energy for O1s (eV)
	% by Type of O1s
	Assignation





	531.8
	38.66
	AlO(OH)



	533.2
	41.22
	CO32–



	534.8
	20.12
	H2O
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Table 5. Atomic concentrations and allocations for the Al2p region for the compound Bi2O2CO3:Al.






Table 5. Atomic concentrations and allocations for the Al2p region for the compound Bi2O2CO3:Al.





	Bond Energy for Al2p (eV)
	% by Type of Al2p
	Assignation





	75.8
	92.11
	AlO(OH)



	77.3
	07.89
	Al2O3
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Table 6. Atomic concentrations and assignments for the Bi4f region for the compound Bi2O2CO3:Al.






Table 6. Atomic concentrations and assignments for the Bi4f region for the compound Bi2O2CO3:Al.





	Bond Energy for Bi4f (eV)
	%Bi4f
	Assignation





	160.2
	12.85
	Bond energy greater than that of Bi2O3 (159.3 eV). It can be assigned to a chemical environment with oxygen and aluminum. This means that this chemical environment for bismuth is of greater ionic character.
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