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Abstract

:

The computational modeling of metal oxide clusters for photovoltaic application is carried out by using density functional theory. The structural and electronic properties of heteronuclear (TMFeO3)x molecular clusters (where x = 2, 4, 8 and TM = Sc, Ti, Fe) are investigated in detail. The physical parameters such as energy gap, formation energy, binding energy, and stability are determined. The computed values and trends in electronegativity (χ), chemical potential (μ), hardness (η) and softness (S), positions of highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO), and HOMO-LUMO gap with varying cluster sizes are discussed. The iso-surface plots with relaxed structure related to the frontier MOs are described to shed light on the charge transfer mechanism. In the entire series of the studied clusters, the computed gap of (Fe2O3)8 was found minimal and thus suitable for red light absorption, whereas (TiFeO3)2 exhibited a maximum gap which shows potential for blue light absorption. The clusters exhibiting different values of the gap are found suitable to absorb the solar radiation. HOMO and LUMO position with their energy differences in the clusters are found compatible for applications in photocatalytic and photovoltaic applications. The observed trend in the computed parameters points to the potential of the simulated materials for application in a TiO2-based semiconducting photoanode to harvest sunlight.
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1. Introduction


Researchers and innovators are extensively working to realize new functional materials for applications in diverse fields [1,2,3]. The clusters being molecule-to-bulk intermediary structures opened up multidisciplinary research areas which have been of prime interest to theoretical as well as experimental researchers. The investigations of the clusters have been found fruitful not only to understand basic physics and chemistry of the materials for shedding light on unclear mysteries but also to explore new applications. Owing to recent improvement in synthesis techniques, the investigation of different types of clusters and nanomaterials have been observed [4,5,6]. Moreover, with the availability of ever-efficient resourceful computing hardware, along with public access to powerful codes, the study of accurate properties of different clusters with size-dependent properties has become possible. The computational simulation of molecular clusters using first principles methods caught wide research attention in recent years [7]. The strategies have been found worthwhile due to precise prediction of the variety of the clusters exhibiting potential for electronic, optoelectronic, spintronic, photovoltaic, biomedical, and energy devices [8,9,10,11,12].



Metal oxide clusters (MOCs) are potential candidates for surface-sensitive applications due to their exceptional structures, transport, active sites, chemisorption, and charge transfer properties. The MOCs such as Zr6O8, M(OH) with metals such as Al, Cr, Fe, and Zn4O, M3O with metals such as Al, Fe, Cr, and Ti4O8(OH)4, and Mn4CaO5 have been found useful for catalytic applications [13]. The anionic inorganic MOCs in nanometer size appeared to offer a framework for high-density data storage utilized in memory elements [14]. The noble-metal-doped heteronuclear MOCs have shown potential for heterogeneous catalysis when investigated for catalytic CO oxidation [15]. It has been shown that carbon-doped alkaline-earth MOCs exhibit donor and acceptor characters which appeared to enhance photocatalytic activities of the materials [16]. In addition to MOCs, transition metal oxide (TMO) clusters have been found to be valuable materials to further understand the surface-sensitive scientific mechanism. For example, the role of surface and structure in reactive catalytic materials is not well understood. There has been great research interest to utilize TMOs with variable cations, size, composition, charge, and oxidation states to explore new applications on the basis of their structure–property relationship [17,18].



The heteronuclear and mononuclear TMOCs involving 3d and 4d elements have caught significant research interest due to magnetic, optical, optoelectronic, and electrochemical properties. Out of diverse types of TMOCs, hematite (Fe2O3) clusters exhibited exceptional potential for applications in photocatalysis [19], photovoltaics [20], water oxidation [21], thermal recycling [22], electrodes in lithium-ion batteries [23], magnetics [24], etc. It has been shown that Fe2O3 can be used as counter electrode in dye-sensitized solar cells for charge transfer [25].



Hematite is a potential candidate for use as photocatalyst to split water; however, its performance as a photoanode needs further improvement [26]. In order to modify properties of hematite, several strategies including surface modification, doping, composite formation, alloying, and heterojunctions have been utilized [27]. Like those of other metal oxides, the properties of Fe2O3 change upon doping. It has been reported that Mn doping at 3–5% doping concentration improves catalytic activity of γ-Fe2O3 [28]. TiO2-doped hematite has shown potential for application in solar energy conversion with good charge transfer characteristics [29]. The efforts on tuning the characteristics of different materials upon doping for improvement in optoelectronic properties have been reported [30].



The majority of potential photovoltaic materials often experience quick recombination rates of electron–hole pairs which degrade the functioning of the device [31,32]. To overcome the degradation mechanism, the suitable choice of materials, doping conditions, and synthesis strategies need to be optimized in order to prevent the motion of electrons towards the hole to reduce chances of recombination. It has been demonstrated that doping of ZnO causes reduction in the photogenerated electron–hole recombination rate [33]. The suppression of e-h recombination rate in TiO2 nanowires upon treatment with hydrogen to produce oxygen-deficient arrays has been reported [34]. The doping of copper ferrite nanocrystals with Al via the solid-state route has exhibited a reduction in e-h recombination for use in photocatalytic applications [35]. In order to improve the photocatalytic performance, the suppression of the e-h recombination rate in graphitic carbon nitride modified via polymers has been achieved [36]. For the same purpose, the present work is computationally carried out by designing different sized (TMFeO3)x, where TM = Sc, Ti, Fe and x = 2, 4, 8. The calculations are performed on the series of TMOCs using a density functional tight bonding (DFTB) model with GFN1-xTB as the correlation function. The computed structural, energetic, electronic, and photoelectric properties of the simulated clusters revealed favorable results to utilize the materials in the photoanode.




2. Computational Details


The entire calculations reported herein were performed using the DFTB approach of density functional theory (DFT) through AMS (Amsterdam Modeling Suit) of SCM (software for chemistry and materials) code [37]. The DFTB computations were carried out using GFN1−XTB (Grimme’s first function extended tight binding) which has been found to offer accurate predictions [38].



The calculations were spin unrestricted with Slater–Koster approximation including D4 dispersion. The tasks include geometry optimization, PES scans, single point calculations, and transition state search. Further, we studied properties such as dipole moment, atomic charge analysis, Hessian field analysis, and magnetic moments. The Grimme’s first generation extended tight binding (GFN1−xTB) Hamiltonian approach was used for fast preliminary calculations. It used Slater orbitals for the calculation of the Hamiltonian and optimization of geometries of the structures. DFTB with auto-selected D3-BJ dispersion correction was utilized for the clusters. In order to simulate different numbers of unpaired electrons, the SSC strategy was selected as ‘Auto’. Otherwise, its value for relative distribution of electrons was set either to ‘Fermi’ or ‘Aufbau’.



Geometry optimization of the clusters was carried out to determine relaxed structure that determines minimum energy configurations. The single point (SP) calculation on the optimized geometries was carried out to determine electronic and magnetic properties of the clusters. The binding energies/formation energy for the clusters were computed using Equation (1):


   E F  = E  (    TMFeO  3   )  −   xE   TM   −   xE   Fe   − 3   xE  o   



(1)




where TM = Sc, Ti, Fe and x = 2, 4, 8 for these coordinated compounds prepared via reaction    TM    +    FeO    +      O   2    → TM  (  Fe  )   O 3   .



The values of chemical potential, electronegativity, chemical stability, hardness, and softness of the materials were also determined. In these expressions, ionization potential (IP) is the amount of energy required to free an electron from a gaseous molecule, i.e., EHOMO, whereas electron affinity (EA) is the amount of energy that is used to add an electron to a gaseous molecule, i.e., ELUMO. The formulas used to calculate chemical potential, electronegativity, hardness, and softness are given by the respective relations  μ  = −    IP + EA  2    (eV), χ =     IP + EA  2    (eV), η =     IP − EA  2    (eV), and S =    1  2 η     (eV).



The calculations were carried out using Slater-type basis sets at the TZ2P (Triple-Zeta with double polarization) level. The value of energy convergence criteria during was set to 10−6 eV/molecule. Considering the involvement of open shell atoms, the calculations were carried out by employing unrestricted mode to include spin polarization by assuming possible values of magnetic moment on the clusters. To study optical or optoelectronic properties of the mentioned clusters, UV/VIS Spectroscopy was performed to compute oscillator strength as a function of incident solar rations using the DFTB approach. The excited states of the clusters were computed for the allowed transition in case of singlet and triplet states by employing the Davidson algorithm.




3. Results and Discussion


The computed results and discussions are described in the following sections.



3.1. Structural Properties of    (  T M F e  O 3   )   x Molecular Clusters


The optimized structures of the clusters with minimum energy for    (    TMFeO  3   )   x where TM = Sc, Ti, Fe and x = 2, 4, 8 are shown in Figure 1. The calculated values of bond energy per ScFeO3 found using Equation (1) are −98.720 eV, −99.035 eV, and −99.22 eV for (ScFeO3)2, (ScFeO3)4, and (ScFeO3)8, respectively.



In the case of (TiFeO3)2, values of bond energy per TiFeO3 are found as −93.04 eV, −100.13 eV, and −100.36 eV for (TiFeO3)2, (TiFeO3)4, and (TiFeO3)8, respectively. Finally, the values of bond energy per Fe2O3 are found as −1087.5 eV, −1088.55 eV, and −1089.27 eV for (Fe2O3)2, (Fe2O3)4, and (Fe2O3)8, respectively. In the case of Fe2O3 clusters, the energy difference is very small in starting structures but afterwards it increases with further increase in size of the clusters. The trend indicates that energy is consistently decreasing and hence the clusters with bigger sizes are energetically more favorable. It points to the feasibility of multiplication of these clusters to grow practical-sized structures for practical applications [39]. The values of bond energy computed for the series of clusters are given in Figure 2. The calculated values of bond energy, binding energy, and formation energy for the series of clusters are given in Table 1.



The formation for these clusters takes place after relevant phase transition to configure a new set of relaxed structures [40]. The values of formation energy determined using Equation (1) are found as −25.114 eV, −56.538 eV, and −120.49 eV for the respective clusters of (ScFeO3)X for x = 2, 4, 8. The bridge-like structure of the starting clusters is changed to complex formation. The values for formation energy for    (    TiFeO  3   )   x for x = 2, 4, 8 are found as −24.394 eV, −65.438 eV, and −140.14 eV, respectively. The values of formation energy calculated for    (    Fe  2   O 3   )   x for x = 2, 4, 8 are −33.63 eV, −69.25 eV, and −141.47 eV, respectively. The binding energy sheds light on the dissembling of system of particles into their constituents such as TM, Fe, and O [41]. The values of binding energy calculated for the clusters are shown in Table 1, according to which    (    ScFeO  3   )   x for x = 2, 4, 8 exhibits the respective values of 25.11eV, 56.53 eV, and 120.49 eV. For    (    TMFeO  3   )   x with TM = Ti, Fe and x = 2, 4, and 8, the respective values of EB are 24.39 eV, 65.43 eV, and 140.14 eV and 33.63 eV, 69.25 eV, and 141.47 eV.



It is observed that electrons are transferred from TM atoms to Fe and oxygen as per the literature [42]. The dipole moment computed for (Fe2O3)2 clusters is 0.936 D, which is enhanced to 3.39 D and 6.63 D for the clusters (Fe2O3)4 and (Fe2O3)8, respectively. Similarly, in the case of (TMFeO3)x, where TM = Sc, due to the difference in number of unpaired electron (charge) electrons, Ti moves from TM to Fe and hence to oxygen atoms. For (ScFeO3)2, the dipole moment is 0.052 D, which is enhanced to 7.09 D and 7.18 D for the clusters (ScFeO3)4 and (ScFeO3)8, respectively. Finally, in the case of (TiFeO3)2, the dipole moment is 2.21 D, which is enhanced to 6.637 D and 9.11 D for the clusters (TiFeO3)4 and (TiFeO3)8, respectively. The trend in dipole moment of the clusters is sketched in Figure 3.




3.2. Electronic Properties of      (  T M F e  O 3   )   x    Molecular Clusters


The electrical properties are owed to chemical stability and reactivity of materials which depend upon electronegativity (χ), chemical potential (μ), and softness (S) and hardness (H) of materials. These electronic parameters are computed using frontier molecular orbitals, i.e., highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO), and iso-surface plots. The interactions of electrons and occupancies are shown on iso-surface plots by labeling energy levels. The parameters were calculated using HOMO and LUMO energy level values on iso-surface plots. HOMO energy corresponds to ionization potential (IP) and LUMO energy value refers to electron affinity (EA) of the clusters. The computed electronic parameters with HOMO-LUMO energies and their band gap for all studied molecular clusters are given in Table 2.



The electronegativity of the (ScFeO3)2 cluster comprising Sc, Fe, and three oxygen atoms is found to be −12.68 eV, which agrees with the literature [43]. The value of the HOMO-LUMO gap for all clusters is different but a trend is observed in such a way that the value is observed to decrease with the size of the clusters, with the exception of cluster (ScFeO3)x. HOMO and HOMO-1 values for (ScFeO3)2 are −13.72 eV and −13.74 eV, while for LUMO and LUMO+1 are −11.64 eV and −11.62 eV, respectively. The contribution of Sc atoms due to higher charge densities is at the maximum level (59.4%) compared to Fe atoms (13.67%) and O atoms (13.97%). The electronic charge is transferred from Sc to Fe and from Fe to oxygen atoms. The contribution of electronic charge transfer is observed to increase with respect to the cluster size; that is, for Sc4 there is a 63.4% enhancement, while for Sc8 there is a 65.6% enhancement. The contributions from Sc, Fe4, and Fe8 dominate, whereas O12 and O24 correspond to contributions 25.35% and 28.5% for (ScFeO3)4 and (ScFeO3)8, respectively.



In the case of (ScFeO3)4 and (ScFeO3)8, HOMO and HOMO-1 energy values are −13.21 eV and −13.23 eV and −12.99 eV and −13.01 eV, respectively. LUMO and LUMO+1 for both these clusters are at −10.68 eV and −10.65 eV and −10.95 eV and −10.91 eV, respectively. The computed values of electronegativity and chemical potential for the series of studied clusters is shown in Figure 4.



Similarly, corresponding values of the HOMO and HOMO-1 energy levels for      (    TiFeO  3   )    2 , 4 , 8     molecular clusters are −13.68 eV and −14.05 eV, −13.38 eV and 13.71 eV, and −14.09 eV and −13.36 eV, respectively. LUMO and LUMO+1 values for      (    TiFeO  3   )    2 , 4 , 8     clusters are −11.09 eV, −12.01 eV, and −11.33 eV and −11.05 eV, −11.98 eV, and −11.30 eV, respectively.



Since Ti is more electropositive than Fe and Fe is more electropositive than O, an electron moves from Ti to Fe and hence from Fe to O. The contribution of the electron transfer rate for Ti is about 49.38%, 52.12%, and 51.67% and for Fe is 28.21%, 24.46%, and 27.99% for the respective clusters      (    TiFeO  3   )    2 , 4 , 8    . The number of unpaired electrons in Ti lies between Sc and Fe, due to which it is more electropositive than Fe and thus electrons transfer from Ti to Fe and then to O. The computed values showing trend of softness (eV) and hardness (eV) for the entire series of the clusters are given in Figure 5.



It is observed that (ScFeO3)8 is harder and least stable, due to which it is more reactive toward electrophilic catalysis in comparison to all studied clusters. However, the material’s softness decreases (hardness increases) with the increase in cation atomic size in the clusters. The softness is related to bond order at the atomic level and causes material deformation on the application of force [44]. The values of the two highest occupied energy levels of HOMO and HOMO-1 and two lowest unoccupied energy levels for all nine clusters of the transition metals complex are shown in Figure 6.



The transition-metal-based oxide clusters may have complex stable structure applications oriented to various properties due to hybrid d and s orbitals [45]. Owing to the computed properties, the mentioned molecular clusters are potential candidates for applications in photovoltaics and photocatalytic applications [46]. The adsorption of transition metal clusters on a semiconducting material such as TiO2 causes a narrowing of band gap energy which brings UV absorption into the visible region of the electromagnetic spectrum.



The results indicated that the HOMO of (ScFeO3)2 obtained maximum contribution from cationic 3d orbitals. It is observed that Sc-3dxy carries a 69.4% contribution due to one unpaired electron in the outer shell, whereas Fe subshells 3d and 4s offer contributions of only 13.4%. Likewise, 2Px, 2Py, and 2Pz orbitals of all oxygen atoms in the clusters carry an 18.2% contribution. In the case of (ScFeO3)2, LUMO and LUMO+1 obtained major contribution (i.e., 56.7%) from Fe-3   d  yz     and 3dx2-y2 subshells, with the role of Sc-3dxy at 14.5% and O6-2p sublevels contributing 26.7%.



Similarly, for (ScFeO3)4 and (ScFeO3)8, the corresponding HOMO and HOMO-1 states obtained major contributions of 63.3%, 69.3%, and 51.4%, 48.5% from Sc-3dxy orbitals, respectively, whereas 35.4% and 27.4% and 29.58% and 39.5% contributions were observed from Fe-3dxy and 3z2 atomic states in HOMO and HOMO-1 states of these clusters. Likewise, for      (    TMFeO  3   )   x    x = 2, 4, 8 molecular clusters, the corresponding energy levels HOMO and HOMO-1 are located at −13.68 eV, −14.05 eV, and −13.38 eV and −13.71 eV, −14.06 eV, and −13.40 eV, respectively. Ti (3d24s2) has two unpaired electrons in states 3dxy and 3dyz. The Ti contribution for HOMO and HOMO-1 is 63.4%, 53.4%, and 51.4% and 49.5%, 37.5%, and 39.53% for      (    TiFeO  3   )   x    x = 2, 4, 8 clusters, respectively. The electrons move firstly from Ti atoms to Fe atoms and then to oxygen atoms. The contributions from Fe atoms are about 33.3%, 39.4%, and 29.99% for HOMO and 29.4%, 29.1%, and 26.19% for HOMO-1 states, respectively.



For      (    Fe  2   O 3   )    2 , 4 , 8     clusters, HOMO and HOMO-1 levels are found at −15.58 eV, −15.64 eV, and −15.27 eV and −15.56 eV, −15.67 eV, and −15.28 eV, respectively. In the HOMO of      (    Fe  2   O 3   )    2 , 4 , 8    , the main contributions of 67.39%, 62.5%, and 67.45% are due to Fe-3d states and 31.39%, 37.4%, and 29.1% due to oxygen Px, Py, and Pz. The LUMO and LUMO+1 levels mainly related to oxygen atoms in the clusters play a main role in accepting electrons. The O-2P orbitals having unoccupied states are most likely to receive incoming electrons, and likewise the role of Fe    d  yz   ,    dx2-y2 and dz2 states is also important. The contributions of P orbitals in the LUMO of      (    Fe  2   O 3   )    2 , 4 , 8     are 49.9%, 52.6%, and 47.46% and for LUMO+1 the values are 47.2%, 49.9%, and 42.34% respectively.



The contribution from cation 3d orbitals is observed increased when the size of the clusters is increased in all cases. The computed results indicated that (TiFeO3)2 is least reactive and (Fe2O3)8 is more suitable for operation with a TiO2-based photoanode. The comparative view of HOMO and LUMO energy levels with their band gaps positioned relative to normal hydrogen electrode potential is shown in Figure 7. The photocatalytic water splitting requires semiconductors having band gaps greater than 1.23 eV with CBM and VBM straddling the respective hydrogen evolution reaction and oxygen evolution reaction [47,48]. Thus, the investigated clusters seem to offer tunable electronic structure for use in photocatalytic applications.



Out of all these nine clusters, it is seen from Figure 7 that (Fe2O3)8 is more suitable for red light absorption. The increase in size of the clusters appeared to increase the gap, which points to a tunable gap for visible light absorption. On the other extreme, the cluster (TiFeO3)2 has a maximum gap energy of 2.59 eV, which may absorb blue light for application as a photoanode. Thus, different studied clusters fall in different regions of the electromagnetic spectrum to absorb solar radiation. However, if problems with the gap compatibility exist, the issue may be resolved by adsorption of these molecular clusters on the TiO2 slab to prepare the photoanode [49]. As a result, an efficient photoanode may be prepared with decreased electron–hole recombination and an increase in electron injection rate towards the outer circuit [50,51]. The study of these clusters adsorbed on TiO2 slabs for the applications will be reported elsewhere.





4. Conclusions


The electronic, structural, and optical properties of all molecular clusters were computed by using the DFTB model. The work reported in this paper points out that      (    TMFeO  3   )   x    molecular clusters with varying values of x and TM yield an efficient semiconducting material mechanism. The extracted results on formation energy, adsorption energy, binding energy, and magnetic spin moment describes these properties. The photoanode based on these clusters is efficient for photovoltaic devices, especially for solar cells that absorb light for ultraviolet to visible light. A key finding in this study is the inverse relationship of molecular cluster size to the total optimized energies (dispersion energy, Columbic energy, etc.). (TiFeO3)8 was found to be the most stable and best potential semiconducting material of all clusters studied, owing to maximum formation energy, dipole moment, and the gap energies.
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Figure 1. Optimized structures of (TMFeO3)x molecular clusters for x = 2, 4, 8 and TM = Sc, Ti, Fe showing geometry of the clusters (a) (ScFeO3)2, (b) (ScFeO3)4, (c) (ScFeO3)8, (d) (TiFeO3)2, (e) (TiFeO3)4, (f) (TiFeO3)8, (g) (Fe2O3)2, (h) (Fe2O3)4, and (i) (Fe2O3)8. 
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Figure 2. The computed values of bond energy for all molecular clusters of    (    TMFeO  3   )   x, where TM = Sc, Ti, Fe and x = 2, 4, 8. 
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Figure 3. The calculated values of dipole moment (D) for [(TMFeO3)]x molecular clusters for x = 2, 4, 8 and TM = Sc, Ti, Fe. 
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Figure 4. The computed values of electronegativity and chemical potential for      (    TMFeO  3   )   x    molecular clusters where x = 2, 4, 8 and TM = Sc, Ti, and Fe. 
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Figure 5. The computed values of softness and hardness for      (    TMFeO  3   )   x    molecular clusters where x = 2, 4, 8 and TM = Sc, Ti, and Fe. 
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Figure 6. Iso-surface plots for highest occupied energy levels HOMO and HOMO-1 and lowest unoccupied energy levels LUMO and LUMO+1. 
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Figure 7. The computed values of gap with HOMO and LUMO positioned relative to normal hydrogen electrode for      (    TMFeO  3   )   x    clusters with x = 2, 4, 8 and TM = Sc, Ti, Fe. 
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Table 1. This Table Explains Tabular form of Spin, Total Optimized Energy, Fermi Energy at Optimized Energy, Binding Energy, and Formation Energy for all Calculated Clusters.






Table 1. This Table Explains Tabular form of Spin, Total Optimized Energy, Fermi Energy at Optimized Energy, Binding Energy, and Formation Energy for all Calculated Clusters.





	Molecular Clusters
	Bond

Energy (eV)
	Binding Energy

(eV)
	Formation Energy

EF(eV)





	(ScFeO3)2
	−987.20
	25.114
	−25.114



	(ScFeO3)4
	−1980.7
	56.538
	−56.538



	(ScFeO3)8
	−3968.8
	120.49
	−120.49



	(TiFeO3)2
	−930.047
	24.394
	−24.394



	(TiFeO3)4
	−2002.7
	65.438
	−65.438



	(TiFeO3)8
	−4014.7
	140.14
	−140.14



	(Fe2O3)2
	−1087.5
	33.638
	−33.638



	(Fe2O3)4
	−2177.1
	62.256
	−62.256



	(Fe2O3)8
	−4357.1
	141.47
	−141.47
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Table 2. Calculated values of HOMO, LUMO, HOMO-LUMO gap, electronegativity (χ), hardness (η), chemical potential (μ), and softness (S) for molecular clusters (TMFeO3)x.
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	Molecular Clusters
	EA

(eV)
	IP

(eV)
	B.G.

(eV)
	η

(eV)
	S

(eV)
	   μ   

(eV)
	Χ

(eV)





	(ScFeO3)2
	−11.64
	−13.72
	2.08
	−1.04
	−0.48
	12.68
	−12.68



	(ScFeO3)4
	−10.68
	−13.21
	2.53
	−1.26
	−0.39
	11.94
	−11.94



	(ScFeO3)8
	−10.95
	−12.99
	2.04
	−0.02
	−22.0
	11.97
	−11.97



	(TiFeO3)2
	−11.09
	−13.68
	2.59
	−1.29
	−0.38
	12.38
	−12.38



	(TiFeO3)4
	−12.01
	−14.05
	2.04
	−1.02
	−0.49
	13.03
	−13.03



	(TiFeO3)8
	−11.33
	−13.38
	2.05
	−1.02
	−0.49
	12.35
	−12.35



	(Fe2O3)2
	−13.41
	−15.58
	2.17
	−1.05
	−0.47
	14.49
	−14.49



	(Fe2O3)4
	−13.55
	−15.64
	2.08
	−1.04
	−0.48
	14.59
	−14.59



	(Fe2O3)8
	−13.34
	−15.27
	1.92
	−0.96
	−0.52
	14.30
	−14.30
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